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Abstract
The Pipeline Ridge Au-Cu-Pb-Zn deposit of central New South Wales is contained within the Sarona
Downes tuff member of the Kopyje Shelf, 20 km southeast of the town of Canbelego, adjacent to the
Coonara Fault. It is a poorly understood, currently sub-economic, deposit on the eastern extent of the
Cobar Basin; a part of the north-northwest striking region separated out as the Canbelego-Mineral Hill
volcanic belt. The Cobar Superbasin is an extensional basin characteristic of the Central Lachlan Orogen
and as of 2006 is the richest polymetallic basin within the Lachlan Orogen.
Petrography, whole rock geochemistry (XRF), geochronology (U-Pb SHRIMP zircon dating) and sulphur
isotope analysis have been used to describe the geology, mineralisation and produce a petrogenetic
model of the Pipeline Ridge system. Two felsic volcanic rock samples above and below mineralisation
were sampled for zircon extraction, and 44 zircons were dated using the SHRIMP at ANU. Both samples
fall within error of each other giving a combined age of 426.0 ± 5.3 Ma. This indicates that the volcanic
pile at Pipeline Ridge consists of at least two separate interlayered acidic tuff units deposited on the shelf
around the Silurian-Devonian boundary (426.0 ± 5.3 Ma) and probably represents the early stages of
rifting within the basin. Petrographic and geochemical evidence suggest these tuff units represent two
separate sources from evolved magmatic sources produced from decompressional melting of
continental crust and underplated basalts. Epithermal mineralisation stocks were emplaced into the
steeply eastward dipping volcanic pile, sub-parallel to an interpreted fault zone probably during
deformation and inversion of the basin during the Mid Devonian Tabberabberan Orogeny. Petrographic
evidence of the strongest mineralisation zones indicates three phases of hydrothermal influx to be
responsible for the mineralisation of the system. Phase 2 alteration is responsible for the main pulse of
economic mineralisation introducing base metals, Au and carbonates in hydrothermal fluids. Sulphur
isotope analysis was obtained for pyrite (10.3 δ34 S ‰), chalcopyrite (11.6 δ34 S ‰), and galena (9.0
δ34 S ‰). Pyrite-galena pairs are used cautiously as geothermometres, indicating hydrothermal fluid
deposition temperatures to be at and above the upper limits for epithermal deposits (approximately
350oC).
Extensive hydrothermal alteration in the form of sericitisation and chlorite alteration is evident in thinsections and has been taken into to account when using immobile element geochemical classification
and discriminant plots, which indicate these volcanics are derived from an alkali-rich (A-type) source. This
deposit may represent an initial Kuroko VMS style deposit associated with the initial eruption of felsic
volcanics in a marine environment but the strong hydrothermal alteration and recrystallisation makes it
difficult to interpret. The chalcedonic, coliform and vuggy quartz veining as well as mineralisation and
alteration assemblages suggests the final mineralisation best fits an intermediate sulphidation epithermal
deposit model. The regional tectonic setting of the Cobar Basin within the central Lachlan Orogen during
the latest Silurian to Devonian is thought not to be reflected by one single modern day tectonic analogue
by a combination of tectonic factors characterising a number of modern day, subduction related
extensional settings.
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Abstract
The Pipeline Ridge Au-Cu-Pb-Zn deposit of central New South Wales is contained within the
Sarona Downes tuff member of the Kopyje Shelf, 20 km southeast of the town of Canbelego,
adjacent to the Coonara Fault. It is a poorly understood, currently sub-economic, deposit on
the eastern extent of the Cobar Basin; a part of the north-northwest striking region separated
out as the Canbelego-Mineral Hill volcanic belt. The Cobar Superbasin is an extensional
basin characteristic of the Central Lachlan Orogen and as of 2006 is the richest polymetallic
basin within the Lachlan Orogen.
Petrography, whole rock geochemistry (XRF), geochronology (U-Pb SHRIMP zircon dating)
and sulphur isotope analysis have been used to describe the geology, mineralisation and
produce a petrogenetic model of the Pipeline Ridge system. Two felsic volcanic rock
samples above and below mineralisation were sampled for zircon extraction, and 44 zircons
were dated using the SHRIMP at ANU. Both samples fall within error of each other giving a
combined age of 426.0 ± 5.3 Ma. This indicates that the volcanic pile at Pipeline Ridge
consists of at least two separate interlayered acidic tuff units deposited on the shelf around
the Silurian-Devonian boundary (426.0 ± 5.3 Ma) and probably represents the early stages of
rifting within the basin. Petrographic and geochemical evidence suggest these tuff units
represent two separate sources from evolved magmatic sources produced from
decompressional melting of continental crust and underplated basalts. Epithermal
mineralisation stocks were emplaced into the steeply eastward dipping volcanic pile, subparallel to an interpreted fault zone probably during deformation and inversion of the basin
during the Mid Devonian Tabberabberan Orogeny. Petrographic evidence of the strongest
mineralisation zones indicates three phases of hydrothermal influx to be responsible for the
mineralisation of the system. Phase 2 alteration is responsible for the main pulse of economic
mineralisation introducing base metals, Au and carbonates in hydrothermal fluids. Sulphur
isotope analysis was obtained for pyrite (10.3 δ34 S ‰), chalcopyrite (11.6 δ34 S ‰), and
galena (9.0 δ34 S ‰). Pyrite-galena pairs are used cautiously as geothermometres, indicating
hydrothermal fluid deposition temperatures to be at and above the upper limits for epithermal
deposits (approximately 350 oC).
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Extensive hydrothermal alteration in the form of sericitisation and chlorite alteration is
evident in thin-sections and has been taken into to account when using immobile element
geochemical classification and discriminant plots, which indicate these volcanics are derived
from an alkali-rich (A-type) source. This deposit may represent an initial Kuroko VMS style
deposit associated with the initial eruption of felsic volcanics in a marine environment but the
strong hydrothermal alteration and recrystallisation makes it difficult to interpret. The
chalcedonic, coliform and vuggy quartz veining as well as mineralisation and alteration
assemblages suggests the final mineralisation best fits an intermediate sulphidation
epithermal deposit model. The regional tectonic setting of the Cobar Basin within the central
Lachlan Orogen during the latest Silurian to Devonian is thought not to be reflected by one
single modern day tectonic analogue by a combination of tectonic factors characterising a
number of modern day, subduction related extensional settings.
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1 Introduction
This study documents the geology and metallogeny of the Pipeline Ridge deposit located on
the eastern margin of the Cobar Basin, over 650 km northwest of Sydney, NSW (Figure.1.1.).
The deposit is situated within a high strain zone on the Eastern side of the Kopyje Shelf with
the host unit of felsic volcanic rocks amongst a typical Cobar Basin sedimentary sequence.
Pipeline Ridge is one of the several deposits that are peripheral to the viable, currently mined
Cu-Pb-Zn-Au-Ag deposits near the town of Cobar (David, 2006; Lawrie and Hinman, 1998).
These are explained within the moderately variant collection of deposits found in the Cobar
Bas known as Cobar-Style deposits. The aim of this study is to see whether the Pipeline
Ridge deposit conforms to this model in both processes and timing, and if not what
alternative mechanism is possible.

Figure.1.1. Aerial photo from Google Maps, Adapted to show the position of the Pipeline Ridge Deposit in
NSW
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1.1

Aims:

Current classifications indicate that the Pipeline Ridge deposit is of similar characteristics to
that of a Kuroko style VMS 1 due to the close association of sulphide mineralisation with
rhyolitic volcanic units. However, most deposits within the Devonian sedimentary rocks of
the Cobar Basin are regarded as hydrothermal orogenic-type mineralisation associated with
shear zones. Detailed petrographic descriptions in this study will help to determine the nature
and timing of mineralisation at Pipeline Ridge and fill the current knowledge gap of the
unknown deposit style. Whilst the host rock type points towards a Kuroko style Volcanic
Massive Sulphide (VMS) deposit, alteration assemblages and relative ages of formation
suggest multiple influences are apparent. Thus this study is aimed at understanding the
mechanism and timing of the Pipeline gold deposit. To do this, the age of host rocks (acidic
igneous source) is constrained using zircon geochronology, whereas petrography, X-Ray
fluorescence geochemical analysis and sulphur isotope analysis will be used in order to
develop a paragenetic model of ore formation.

1.1.1

Objectives:

1/ Use petrology (standard and polished thin sections) to study the mineralogy and textures of
host rocks and ores to help classify the style of mineralisation, i.e. VMS, hydrothermal,
porphyry or a mixture of styles.
2/ Use petrology to determine the mineral phases and alteration of the host rock on either side
of the main gold concentration and the alteration assemblages throughout the entire host unit
(previously known to be the Sarona Downs Tuff member).
3/ Use XRF whole rock geochemical analysis in order to identify original host rock types and
their tectonic setting of formation using immobile element analysis.

1

Kuroko style VMS deposit: a bimodal, felsic volcanic dominated, Pb-Zn-Cu-(Ag-Au)

Volcanic Massive Sulfide deposit, discussed further in 3.2.
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4/ Utilise U-Pb zircon dating of the host rocks to constrain the time of host rock (rhyolite
units) and determine the relationship with the rifting and compression events of the Cobar
Basin.
5/ Perform sulphur isotope analysis with the assistance of Peter Downes of the NSW
Geological Survey to determine the origin of the sulphides and fluid source.
6/ Synthesise all of the gathered data on the deposit and develop a model for the paragenisis
of the Pipeline Ridge deposit that can be used in future mineral exploration.

1.2

Overview

The northern extension of the Pipeline ridge deposit crops out from the surrounding area in
the form of a highly oxidised ferric gossan within a narrow band of quartz veins. This
outcrop appears on the side of a small knoll consisting of silica altered, interbedded
volcanoclastics. This minor outcrop degrades into flat plains covered by a layer of fluvial
sediments. The highly weathered form of the gossan means little data can be extracted from
the sample and drill core will provide the appropriate samples required. The deposit consists
of an array of hydrothermal quartz veins of varying thicknesses hosted within an array of
interbedded rhyolitic tuffs, previously labeled the Early Devonian Sarona Downs tuff (Felton
et al., 1983; Torrey, 2005), situated between segments of the Girilambone Group (Figure
2.5). An array of base metals, predominantly Copper and Lead in the form of chalcopyrite
and galena constitute the sulphide portion of the deposit along with substantial amounts of
pyrite situated not only in concentrated veins with the accompanying sulphides, but also
consistently disseminated throughout the rhyolitic volcanics as minor euhedral crystals.

The prospect is contained within the New South Wales Department of Industry and
Investment Exploration License 0637 with the current tenement holders being Polymetals
Mining Limited. Previous exploration of the deposit has seen more than adequate diamond
and RC drill holes drilled into the deposit over three decades, providing a database for sample
collection and analysis.
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Figure 1.2: Post-rift and syn-rift sequences of the Cobar Basin. Modified from Glen et al, 1994
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Figure 1.3 A photo of the drill rig on the alluvial section of the Pipeline Ridge Deposit.

1.3
1.3.1

Exploration and Mining History
A brief mining history of the Cobar Mining Field

Mineralisation in the Cobar Basin is summarised by Stegman & Stegman (1996). The
beginning of the Cobar Mining Field in the Cobar Basin began in 1870 (1869 according to
(Gilligan and Suppel, 1974) with the discovery of copper by Campbell, Hartman and Gibb in
a waterhole which was to later become the first mine in the Cobar Basin, i.e. The Great Cobar
Copper mine. The opening of this mine occurred in 1871 with a number of smaller mines
popping up around the area at the dawn of the Twentieth Century. This made Cobar the
primary source of Australia’s copper. Whilst the copper oxides were accompanied by gold
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mineralisation, no significant concentrations were found until the late 1880’s which was
followed with the beginning of gold production and the opening of an array of mines (such as
New Occidental, Peak, Chesney, New Cobar and Mt Drysdale). This included Mt Boppy,
situated some 20 km north of Pipeline ridge on the Canbelego-Nymagee Mineral Belt (Figure
1.2).

Whilst mines throughout the Cobar Field have been large producers of Copper, Gold and
other commodities that are still going strong to this day, mining times where not without woe.
The closing of copper mines and smelters in 1919-1920 saw a pause in the production of
copper and gold before rising gold prices saw the reopening of the larger mines (New
Occidental, 1935; New Cobar, 1937; Chesney, 1943). With the rising cost of mining and
declining ore grades, the New Occidental was closed again in 1952 (Gilligan and Suppel,
1974) along with other mines in the area. Following the second shutdown of the New
Occidental, more discoveries of gold, copper and base metals throughout the Cobar Basin
(starting in 1965 with copper at CSA) saw a revitalisation of the industry in Cobar.

Mining in the Canbelego area commenced in the early stages of mining in the Cobar Mineral
Field with the discovery of copper in 1886 (Andrews, 1911). Whilst gold had earlier been
found previously in the Canbelego area in uneconomical quantities, the most prominent
example of gold in Canbelego was the discovery of Mt Boppy Gold in 1896 (Andrews, 1913)
which was mined from 1901 until 1937, relinquishing 13,510.6 kg of gold, which made it one
of the largest gold mines in New South Wales at the time. To this day the Cobar mining
industry remains at the mercy of fluctuating market prices, yet technological advances over
the decades proceed to keep the mining industry in Cobar at a strong state.

1.3.2

Discovery and examination of Pipeline Ridge

Discovery of the Pipeline Ridge deposit resulted from a combined auger, RAB and airtrac
drilling program, performed by Mining Exploration Proprietary Limited (MEPL) in 1976,

1-6 | P a g e

originally designed to examine the Kopyje Shelf2 (Torrey, 2005). The program revealed a
large, strong Pb anomaly with a moderate Zn anomaly. The geochemistry program was
followed with an Induced Polarisation (IP) survey and ten diamond drill holes which revealed
a steeply eastward dipping sub-economic base metal deposit. The drilling intersected steeply
dipping bands of brecciated rocks (Leeson, 1980) with concentrations of 1.41 % Cu, 0.47 %
Pb, 1.5 % Zn, 70 g/t Ag and 3.0 g/t Au over a strike of ~400 m. However, it cannot be
assumed that these are the concentrations over the entire strike of the deposit. Figure 1.4
shows an idealised cross section of the Pipeline ridge deposit running from West to East, with
the primary zones of mineralisation and associated alteration zones. This idealised section
shows a representative structure for the deposit which remains relatively consistent
throughout a large portion of it.

The low gold prices of the late 1970’s did not warrant extensive sampling for gold. Purchase
of the tenement by Gold Cross Resources Limited preceded an extensive Rock Chip (RC)
drilling program on the tenement. However the program aimed at gold mineralisation failed
to locate a mine worthy deposit. Polymetals now currently own the tenement and are
currently aiming to establish an economic gold deposit.

2

The Kopyje Shelf is the eastern shelf of the Cobar Basin, situated within the Cobar and

Mineral Hill Synclinorial Zones, two belts of mixed volcanics and sediments that extend from
the Northwest of Canbelego (Gilligan and Suppel, 1974).
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Figure 1.4 Idealised Section from West to East of the Pipeline Ridge Deposit, Compiled by Polymetals
Mining Limited
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1.4
1.4.1

Methodology
Sample Collection

All samples from the Pipeline Ridge deposit were collected from 2.50 inch HQ diamond drill
hole PCN090 (445675E 6490175N), drilled by the contract drilling company Budd Contract
Exploration PTY LTD, under the tenement exploration license holders, Polymetals Mining
Limited (Appendix I). This is stored in Polymetals’ core yard at Canbelego NSW,
Approximately 50 km East of Cobar. The collected and analyzed samples were sourced from
target drill hole PCN090 due to its nature of being the one with the best mineralisation
intersections, having the most defined mineralisation zones and the clearest zonation of
alteration. Detailed petrographic reports from Barron, (2012), and Nesbitt, (1976), provided
further information and a different petrological insight on the holes drilled by Polymetals
Mining Limited and Mines Exploration Proprietary Limited. The detailed petrographic report
on hole number PCN089 (2012) summarised in 4.2 for Polymetals Mining Limited, was
performed by Dr. D.J. Barron, consultant petrologist. The petrology report performed by
R.W. Nesbitt on diamond hole DDR.PR1 (1976) is summarised in 4.2. Samples for U-Pb
Zircon dating were extracted from PCN090 at locations both above and below the primary
mineralisation concentration in the least altered segments available.

1.4.2

Standard and polished thin sections

26 samples were collected from PCN090 and prepared at the University of Wollongong. Of
the 26 samples, 24 were prepared into polished thin section. In total the 24 samples
processed resulted in the creation of 28 thin sections. Sample GM001 represents the primary
mineralisation, split into four separate thin sections and sample GM003 representing another
section of high mineralisation being split into two thin sections, Appendices I & II. The
polished thin sections were investigated with a Leica DM2500 petrological microscope, in
order to identify the primary mineralogy, alteration assemblages, alteration textures,
mineralisation textures and mineralisation associations (Appendix II). Photomicrographs of
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thin sections were taken using a DFC400 camera attached to the microscope. The range of
hand specimen photos were all taken at the University of Wollongong using the Leica
MZ16A stereomicroscope fitted with a Leica DFC230 camera mount.

1.4.3

Geochemical and whole rock analysis

Of the 26 samples collected, 15 samples were processed and analysed for whole rock
geochemistry using a SPECTRO XEPOS energy dispersive polarisation X-ray fluorescence
spectrometer (XRF) at the University of Wollongong (Appendix IV). A handheld XRF was
also used to obtain preliminary results as sulphide content throughout the hole was too large
to perform major elemental analysis using the standard fusion techniques used in the
University of Wollongong. The Pipeline Ridge samples were crushed in a chromium steel
ring mill, with pressed powder pellets then prepared for trace element analysis by mixing 5 g
of sample with a Polyvinyl Acetate (PVA) binder and pressing to 2500 psi into an aluminium
cup. Pellets were dried in a 65 ºC oven for 24 hours. Deconvolution of the spectra and
conversion of X-ray intensities was performed using Ametex Materials-Analysis Division
proprietary software. Accuracy was controlled by calibration of the instrument against a wide
range of natural rock standards and synthetic materials.

1.4.4

Geochronological analysis

Two Pipeline Ridge samples were used for U-Pb zircon dating. The zircons were extracted
from the samples via mechanical grinding, heavy liquid separation and barrier magnetic
separation at the Australian National University by Shane Paxton. Absolute age dates for the
zircons collected from the samples were obtained via the 206Pb/238U zircon dating method
performed at the Research School of Earth Sciences, of the Australian National University
(ANU), at Canberra, using the Sensitive High Resolution Ion Microprobe II (SHRIMP II).
The individual grains were manually selected from the crushed samples through binocular
microscopy at the University of Wollongong courtesy of Allen Nutman. Of the two samples
approximately 100 ~ 120 individual zircon grains were mounted in an epoxy resin mount
1-10 | P a g e

along with approximately 50 zircon grains of the TEMORA-2 standard (Black et al., 2004).
The epoxy mount and zircons were then ground down to expose a cross sectional portion of a
majority of the zircon grains and then polished using 1 mm diamond paste. Before
geochronological analysis, reflected and transmitted light microphotographs were taken at the
University of Wollongong and cathodoluminesence images acquired at ANU in order to
examine the textural characteristics of the zircon and their formation in order to assist with
the targeting and interpretation of U-Pb data. U-Pb ratios of the unknowns were calibrated
using interspersed analyses of the Temora II zircons (206Pb/238U age = 417 Ma; Black et al.,
2004) distributed in different parts of the epoxy mount. These were visited randomly,
between every 3-4 unknown zircon measurements. As discussed by (Rocha-Campos et al.,
2011) this allows the best estimate of the U–Pb calibration and uncertainty as if the standard
is located in single cluster on one certain part of the mount, small differences in epoxy, gold
coat and optical focus can lead to small systematic errors in U-Pb calibrations.

1.4.5

Sulphur isotope analysis

The sulphur isotope analysis procedure was performed as discussed by Downes et al, (2008).
Sulphides for sulphur isotope analysis were extracted using a microdrill and with the aid of a
binocular microscope. Contamination of mineral separates by other sulphide species was
minimised by selecting coarse-grained material. Sulphur isotope analysis was undertaken at
the Nevada Stable Isotope Laboratory, University of Nevada—Reno, USA. Individual
analyses used 40–50μg of sulphur (i.e. the equivalent of 80–100μg of pure pyrite). Actual
samples supplied for analyses were 2 to 10 times the minimum required for the analysis to
allow for repeated analyses and analytical problems. The analytical procedure included the
combustion of the sample in an elemental analyser and separation of SO2 from other gases by
gas chromatography. Sulphur dioxide gas then entered the ion source of a mass spectrometer
through a split interface. Reference gas for isotopic calibration was supplied from a SO2
bottle by injection into the carrier gas (helium) between the elemental analyser and the split
interface. Data for each analysis are reported to an accuracy of ± 0.2 ‰ (two standard
deviations), relative to Canon Diablo Troilite (CDT) sulphide and a variety of secondary
standards. Further details of the analytical procedure are summarised by Gleseman et al.,
(1994).
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2 Geological Background of the Pipeline
Ridge Deposit
2.1

The Regional Tasmanides

The Tasmanides can be divided into five distinguishable tectonic Orogen’s or Orogenic belts
based on the extent of deformations over certain time periods(Glen, 2005, 2006). These
orogenic belts are as follows; the Lachlan Orogen, The Delamerian and New England
Orogens in the South, with the New England Orogen extending into the Northern Section
along with the North Queensland Orogen and the Thompson Orogen (Glen, 1995, 2005,
2006; Gray and Foster, 2004; Hough et al., 2007; Scheibner, 1978; Wellman, 1995). The
Permian-Triassic rift-foreland basin system, the Bowen-Gunnedah-Sydney Basin System,
separates both the Lachlan and the Thompson Orogens from the New England Orogen.
Problems however do arise with classifications on the extent, as there are unit which appear
to be out of sequence of the general younging eastwards (Glen, 2006). The Tasmanides thus
consist of an array of rocks from Latest Neoproterozoic to Paleozoic and Mesozoic in age.
They form after the breakup of Rodinia supercontinent (700 M – 525 Ma) and mark 300
million years of active convergent margin tectonics on the Gondwanan margin facing the
proto Pacific Ocean (Glen, 2006).
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Figure 2.1: Map of the Regional Tasmanides from Glen, (2005).
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Subdivision of the Tasmanides based on time periods and their association with orogenic
activity creates a classification showing a series of tectonic cycles (Glen, 2005). On the
largest scale, the Tasmanides can be broken up into three super-cycles which encompass
sedimentary, tectonic and orogenic rock forming and modification processes (Glen, 2006).
These cycles involve the accretion of terrain to Gondwana such as an arc, subduction
complex or collision (Glen, 2006). It is the termination deformation event from which these
cycles are commonly named. The three super-cycles which classify the Tasmanides are; the
Delamerian (Neoproterozoic-Late Cambrian) terminated by an arc or fore-arc collision in the
Late Cambrian; The Lachlan (Ordovician-Early Carboniferous) which is also subdivided into
three smaller cycles, terminated by Orogenesis; And the Hunter Bowen Orogen (Late
Devonian-Late Triassic) by the accretion of an interoceanic arc(Glen, 2005).

Traversing West to East across the Tasmanides there is a general of decreasing age, with the
rocks of the Delamerian Orogen being generally older than those of the Lachlan Orogen and
those of the New England Orogen. However on smaller more local scales there are
exceptions, such as the Cobar Basin’s Devonian Baledmund group overlying and occurring
west of the older Ordovician Girilambone group (Figure 2.6).

2.2

The Lachlan Orogen

The Lachlan Orogen, from northeastern Tasmania through Victoria (Figure 2.1), to central
and eastern New South Wales with a width of 700 km and length 1200 km consists of
intensely deformed turbidites implying an original width of up to 2000 km (Fergusson and
Coney, 1992). It is host to an array of major mineral deposit styles; including orogenic gold
(e.g. Stawell, Ballarat, Bendigo),volcanic-hosted massive sulphide (VHMS e.g. Woodlawn,
Currawong), sediment-hosted Cu–Au/Pb-Zn (e.g. Cobar Basin deposits), porphyry Au–Cu
(e.g. Cadia, Parkes, Cowal) and granite-related Sn (e.g. Ardlethan, Beechworth) ((Hough et
al., 2007; Jaques et al., 2002) and references therein).
Some complex models have been developed to explain the tectonic evolution in order to
explain the varying geological characteristics of the Western, Central and Eastern provinces
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(Hough et al., 2007) and references therein). The formation of the Lachlan Orogen remains a
controversial topic with some debating the consistency of the basin with the proposed
accordion tectonic model (Aitchison and Buckman, 2013). Two popular hypotheses are
debated for tectonic evolution: the intraplate convergence model consisting of an initial
passive margin and backarc setting with episodic deformation due to convergence of the
Australian craton and continental fragments (Fergusson and Coney, 1992; Powell, 1983).
The alternative double divergent subduction model proposes a convoluted oceanic setting
involving complex interactions of multiple subduction/accretion systems has also been
proposed by Gray and Foster (1997). Regardless of the debate, the general agreement is that
the resulting Silurian assemblages of the Central Lachlan Orogen have been affected by a
compressional orogeny, involving predominantly S-type granites to the west, subduction
related I-type granites to the East and an Island arc component in the middle (See Figure 2.6
for Cobar Basin Silurian Granites). Development of a thermo-mechanical finite elemental
model by Braun and Pauselli (2004) lead to implications that the Lachlan orogen during the
Mid-Paleozoic formed from continuous subduction along a single subduction zone.

2.2.1

The Lachlan Orogen super-cycle- a combination of three

smaller orogenic cycles

The Lachlan Orogen super-cycle overall is divided into three smaller cycles, all closing with
major orogenic deformation events, which give them their cycle names (Glen, 2006). These
three are thrust systems which preserve the evolving stages of the stepwise accretion,
deformation and metamorphism of the Gondwana margin (Gray and Foster, 2004). These
three cycles are the Benambran (490-440 Ma), the Tabberabberan (418-410 Ma) and the
Kanimblan (430-380); however these timeframes are only inferred ((Glen, 2005; Hough et
al., 2007) and references therein). Stratigraphically speaking, the Lachlan Orogen consists of
predominantly rocks from the basal Ordovician (e.g. Girilambone) through to Carboniferous
rocks. Prominent lithologies include deep-marine quartz-rich turbidites, cherts, black shales,
shallow-marine sedimentary rocks, mafic and silicic volcanic rocks and arrays of volcanointrusive complexes ((Fergusson, 2003; Glen, 1998, 2006; Hough et al., 2007) and references
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therein). However rock belts and units in provinces do appear from overlapping adjacent
orogenies (Glen, 2006).

The latest Ordovician – early Silurian Benambran cycle is summarised by Glen (2005, 2006)
to have consisted of a convergent and transform island arc margin which concludes with
terrane accretion in the latest of the Ordovician. This orogeny is regarded to be characterised
by the rollback of the southern portion of the proto-Pacific plate after the Delamerian
Orogeny, which established a new plate boundary and led to the formation of the
intraoceanic, mafic/intermediate Macquarie Arc (Fergusson, 2003; Glen, 1998). Fergusson
(2010) proposes that the late Silurian rollback along a subduction zone caused extensional
basin development along the extent of the Lachlan Orogen which continued into early
Devonian times, as exhibited by the renewed extension of the Darling, Cobar and other
extensional basins. The formations of the Benambren Cycle are home to two deposit types,
structurally controlled gold deposits in the Bendigo zone and porphyry gold-copper deposits
of the Macquarie Arc. Whilst both of these deposit types appear to have ages of ~440Ma, the
geological model suggests that they were formed over a thousand kilometers apart (Glen,
2005, 2006). Whilst the Bendigo zone is known to be syndeformational, the porphyry Au-Cu
deposits in the Macquarie Arc were emplaced during accretion in the Benambran.

The Middle Devonian Tabberabberan Orogeny was marked by the well documented
inversion and deformation of sedimentary and volcanic rich basins (Cobar Basin being a
classical example), deformation of granitoids, re-deformation and renewed imbrication of
older rocks. The southern portions of the Tasmanides are thought to have been under the
influence of crustal extension as a result of the rollback hypothesis of the Proto-Pacific plate
(Glen, 2005, 2006). The rollback is thought to have induced a westward dipping subduction
zone and intraoceanic arc and subduction complex. The formation of the Cobar Basin and a
number of other ones (the Mt Hope Trough, Rast Trough, Cowra Trough, Hill End Trough,
Canberra-Yass Shelf) is as a result of the Silurian extension and the emplacement of S-type
and I-type Batholiths, some of which can be observed outcropping to the south of the Cobar
Basin. The Metallogeny of the Middle Devonian Tabberabberan is characterised primarily
by the structurally controlled deposits such as the Cobar-Style deposits and those of the Hill
End trough, both of which are considered to have formed during basin inversion (Glen et al.,
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1994). The metallogeny and timing of these deposits are however debated with postulations
on their formation during the Devonian or Carboniferous (Glen, 2006). However 40Ar/39Ar
mineral age determinations on mines such as Peak mine in the Cobar Basin, dates two events
of mineralisation during both Lower and Middle Devonian (Perkins et al., 1994).

The Third Super-Cycle is the lesser documented Kanimblan cycle. The Kanimblan cycle is
hypothesised to have begun with a limited degree of rifting, with the emplacement of granites
and eruption of volcanic rocks within narrow rift zones within narrow rift zones (A-type to
the North in NSW and I-Type to the south in Victoria). The extension accompanied by
deposition of continental sedimentary rocks across both the Delamerian and Lachlan Orogen,
with deformation occurring during the Early Carboniferous, accompanied by the
emplacement of Early Carboniferous granites (Summary from Glen(2006)).

2.2.2

The Central Lachlan Orogen

The Central Lachlan Orogen primarily consists of the Tabberaberan Orogeny Zone, an
Ordovician-Silurian fold thrust belt which straddles the Victorian/New South Wales border
(Glen, 1992; Gray and Foster, 2004). Structurally, the Central Lachlan Orogen is bound by
the Indi Fault, Jam Tin Fault, and the Lucas Point Fault (eastern boundary) and the Gilmore
Fault (western boundary (Hough et al., 2007). It is dominated by north-west trending
structures with eastward bounding faults merging to form the western boundary Gilmore
Fault (Hough et al., 2007).
The lithological units of the Central Lachlan Orogen are characterised by a range of deep
marine sedimentary complexes and a large metamorphic complex. Sedimentation of the
Central Lachlan Orogen began in the Cambrian and lasted until the Silurian in a deep marine
environment (Gray and Foster, 2004; Hough et al., 2007; Powell, 1983). The Early Devonian
high temperature, low pressure Wagga-Omeo metamorphic complex dominates the central
Lachlan and consists the highest grade metamorphic zone of the Lachlan Orogen (Hough et
al., 2007) and references therein). The metamorphic complex is situated around an
assemblage of syntectonic, deformed Silurian granites of north to north-westerly trends, with
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the more highly evolved, fractionated granites playing host to a number of Sn-W deposits
such as Beechworth and Ardlethan (Hough et al., 2007).
Deposits of the Central Lachlan Orogen consist of three main categories of tectonic related
deposits. Hough et al, (2007) summarises the deposits of the Central Lachlan Orogen:
(1) Supra-subduction zone magmatic arc deposits characterised by Silurian granite-related
Sn–W deposits from melting of the lower crust;
(2) Accretionary collisional zone deposits characterised by minor orogenic gold deposits
and;
(3) Late Silurian to Early Devonian fore-arc and intra-arc rift basin characterised by
sedimentary-hosted Cu–Au deposits, from rifting and bimodal volcanism during crustal
thinning (Gray and Foster 1997).

2.3

The Cobar Basin

The Cobar Superbasin is a regional, complex tectono-stratigraphic terrain in the Central
Lachlan Orogen that is marked by Late Silurian to Early Devonian sedimentation of the
Cobar Super-group (David, 2006). It is an intra-continental, extensional basin, and is atypical to those basins that characterise the Late Silurian to Early Devonian history of the
Lachlan Orogen of southeastern Australia (Glen, 1995, 2006; Glen et al., 1994). A period of
regional transtension in the Lachlan Orogen between the Benambren and Taberabberan
orogenic events created four north-south trending deep-water troughs surrounded by shallowwater flanking shelves. In the Cobar Basin these shelves are the Kopyje Shelf to the east and
the Winduck Shelf to the west (David, 2006).

The Cobar Basin is predominantly Devonian turbiditic sediments with a very minor volcanic
component consisting of both volcanic rocks and volcanoclastic material (Glen et al., 1994).
The northern portion of the Cobar Superbasin (Cobar Basin) is characterised by a range of
siliclastic sediments with locally intruded felsic volcanic rocks, whilst the southern portion
(Mt Hope and Rast Troughs) are dominated by bimodal volcanic rocks and an array of
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volcanoclastic rocks intercalated with sediments. The formation of these deep-water basins,
typical of the Late Silurian, was accompanied by large scale granite emplacement (Glen et
al., 1994). These granites of firstly I-type followed by the more abundant S-type nature
marked the onset of regional extension with significant crustal thinning and as a result, the
granitoids lie within the basement at the south eastern end of the Cobar Basin (Scheibner,
1978). Thus the anatomy of the Cobar Basin is as follows (David, 2006):

1) Flanking shelfs on the deep-water trough margins (Kopyje Shelf and Winduck
Shelf);
2) Intrabasinal shelves (Wiltagoona Shelf and Walters Range Shelf);
3) Deep-water troughs (siliciclastic Cobar Basin, volcanic-volcaniclastic-siliciclastic
Mt Hope and Rast Troughs).

Formation of the Cobar Superbasin system began in Silurian Devonian times (Glen, 1995)
and was interpreted to have formed as a ramp basin by Drummond et al. (1992). Opening of
the basin was in the form of a half-graben with larger depressions of blocks on eastern
margins (David, 2006). Opening of the basin was then followed by half-inversion by
combination of thick and thin skinned tectonics (Glen, 1990). Whilst it does show
similarities to adjacent basins with syn-rift and post-rift sequences, the seismic data
(presented in Glen et al., 1994) suggests a regional heating event superimposed on a ramp
basin (Glen, 1995). Basin formation by subsidence began along NNW trending, normal
listric faults (e.g. Coonara and Rookery faults), developing orthogonally to the main direction
of extension (David, 2006). In general the Cobar Basin’s structural features and fault
development was highly influenced by the Silurian batholiths which acted as structural
weaknesses or tectonic ‘butters’ within the crust (David, 2006). The closing of the basin
occurred as NW transpression reactivated faults during the Late Devonian Tabberaberan
Orogeny and Middle Carboniferous Orogeny (Glen, 1992; Scheibner, 1989). This created an
overall structure style of NW-SE folding overprinted by NE-SW folding and eastwards
oblique left-lateral thrusting (David, 2006).

2-19 | P a g e

Figure 2.2: NSW magnetic anomaly map from NSW Government Geological Survey. Orogen and Basin boundaries adapted from Bull et al, (2008)
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2.4

The Kopyje Shelf

The Pipeline Ridge deposit is situated on the Kopyje Shelf (Figure 1.2) which represents the
Eastern margin of the Cobar Basin. The Kopyje Shelf was the site of siliclastic and limestone
deposition between two sections of dry land (Glen, 1990; Pogson, 1967). Studies on this
volcanic rich belt to the East have shown that the shelf was initiated around the time of the
Silurian-Devonian boundary (Glen, 1990). The eastern volcanic-rich section of the Kopyje
shelf has been separated out as the Canbelego-Mineral Hill belt which is characterised by
abundant felsic dominated, shallow-water volcanic rocks, bounded by the Melrose trough in
the Southwest corner. The shallow-water volcanic rocks issued from four felsic-dominated
volcanic centres, bounded to the north east by the Coonara fault and to the southeast by the
Bluff fault. Structures within and around the Canbelego-Mineral Hill belt have shown clear
evidence for a right-lateral trans-progressive regime (Glen 1990).

Figure 2.3: Outline of the Canbelego - Mineral hill belt relative to the Cobar Basin. Adapted
from Sun et al, (2001)
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Figure 2.4 Cartoon sketch of extensional and retraction phases. (Adapted from Glen 1990)
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2.4.1

Girilambone Group and the Kopyje Beds

The Girilambone zone is located from Byrock in the north, Nymagee in the south and extends
from west of Cobar to west of Hermidale in the eastand includes the widespread Girilambone
Group (Chan, 2009; Fergusson et al., 2005). The highly deformed quartz turbidites which
make a large portion of the Girilambone Group are multiply deformed with several
overprinting foliations (Fergusson et al., 2005). The Girilambone Beds are known to crop
out extensively throughout the Cobar-Bourke-Condobolin and underlie a large number of
younger rocks throughout the area (Gilligan and Suppel, 1974). They unconformably
underlie the Early Devonian strata in a wide tract in the northern sector of NSW including the
Cobar Basin (Iwata et al., 1995). The Girilambone beds are diverse, containing cleaved
sandstone, siltstone, phyllite, quartzite, quartz-mica schists and chlorite schists (Gilligan and
Suppel, 1974). The two main lithologies (Fergusson et al., 2005) of the unit are described to
be low-grade metamorphosed quartz rich turbidites and bedded cherts (the western unit
commonly referred to as the Ballast Beds (Iwata et al., 1995)and references therein). The
other main unit is low to moderate-grade schist, mafic schist, psammitic schist and phyllite
(the eastern unit commonly termed the Girilambone Beds (Iwata et al., 1995)and references
therein).

Interpretations of its formation remain uncertain due to superimposed deformation as the
tectonic history of deformation remains difficult to decipher. Microfossil assemblages
(conodonts) suggest deposition in the middle to late Ordovician (Iwata et al., 1995).
Fergusson et al, (2005) interpret the Girilambone group to indicate Ordovician turbidite
deposition in a marginal sea near eastern Gondwana. Deformation then interpreted as due to
convergence, with a subduction zone inferred to the west of the Late Ordovician Molong Arc
and with initiation of a subduction zone in the southwest (Girilambone Zone). This was
followed by the Wagga-Omeo Zone in late Ordovician, and the Tabberaberan Zone in the
Earliest Silurian. The magmatic arc of the Early Silurian is suggested to have jumped
southwest to form the elongate plutons of the Wagga-Omeo zone (Fergusson et al., 2005).
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The Kopyje beds of the Canbelego-Mineral hill belt crop out around the south of Canbelego
and consist of an array of rhyolites, tuffs, and silicic volcanics which overlie a basal basement
derived conglomerate and inter-finger with shallow marine clastic rocks, sandstones,
siltstones, limestone and grits (Fergusson, 2010; McManus and Weber, 1969). A fossil
assemblage from the beds including Leonaspis jenkinsi and Gravicalymene australis are
indicative of an Early Devonian age (Gilligan and Suppel, 1974; Sherwin, 1974). These
fossil ages most likely explain the assigning of the volcanic pile an Early Devonian age,
labeling it Sarona Downs Tuff member in (Ahrens, 1955; Felton et al., 1983). Unfortunately
study of the Kopyje groups remains very minimal as it only represents a very minor segment
of the Cobar Basin.
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Figure 2.5 Cutout from the Canbelego 1;100 000 Geology Map, Felton et, al. 1985, Geological Series Sheet 8134, Geological
Survey of NSW Department of Mineral Resources.
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2.4.2

Cobar Basin Volcanics

The advanced stages of basin extension with the subsequent decrease in crustal thickness
resulted in abnormally high heat flow in the crust which may have led to extensive igneous
activity ((David, 2006) and references therein). Early Devonian Volcanism is rare in the
siliclastic portion of the basin and is associated with major structures. Following David
(2006) these are summarised below:
• Arrowa and Ferricartup, - quartz-feldspar porphyritic dykes in the northern trough;
• Elura Tuff, - several tuff beds up to 0.5m thick with mafic composition;
• Mopone Tuff, - several tuff beds up to 0.3m thick with felsic composition;
• Peak - CSA Tuff – sub-aerial felsic tuff unit up to 35m thick occurs between Peak and CSA;
• Peak Rhyolite - flow banded rhyolite extrusion is emplaced coeval with basin sediments at
the Peak Gold Mine;
• Queen Bee Porphyry – feldspar porphyry at Queen Bee deposit;
•The Babinda Volcanics – are a volcanic sequence of quartz-feldspar-porphyry, rhyolite,
dacite, tuff, siltstone and tuffaceous sandstone as described by Brunker (1970) in (Gilligan
and Suppel, 1974). Mapping then suggested an age of Early Devonian for the Babinda
volcanics and that they also lie stratigraphically above the Kopyje beds (Gilligan and Suppel,
1974);
• Other small occurrences are: McKinnons Porphyry, Shuttelton Rhyolite, Nymagee-Hera
Rhyolite, and Nymagee Porphyry;
A number of these volcanics are highly anomalous in Cu, Pb and Zn and are suggested to be
a possible source for mineralisation throughout the Cobar Basin. However no conclusive
evidence as such has been found (David, 2006).
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Figure 2.6 Altered section of the NSW Metallogenic Map. From Downes 2011 Geological Survey of NSW Report GS2011/0828
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2.5

Modern basin and range systems: an analogue for
the Cobar Basin

The Cobar Basin among other similar basins throughout the Lachlan Orogen are widely
regarded as intra-continental, drop-down basins formed during continental extension (David,
2006; Glen, 1990, 1992). Whilst several tectonic settings exist in which subduction zone
movement results in extensional basins, there is debate over which is the best analogue for
the Cobar Basin and other similar basins in the Lachlan Orogen (Fergusson, 2010).

The Cenozoic ‘Basin and Range’ province of southwestern United States has been explored
as a modern analogue for the Lachlan Orogen formation (Fergusson, 2010; Powell, 1984)
The Basin and Range province is a broad, highly extended terrain developed within the North
American western Cordillera (Summary from Parsons, 1995). The Cordillera formed during
the Mesozoic from the accretion of an island arc and several exotic terranes to the west of
North America (Robb, 2005). The province extends from Canada, through the western
United States and down through a large portion of Mexico. High heat flow throughout the
province, recent basaltic volcanism and current seismic activity (especially focused on faults
of the eastern and western margins of the Great Basin province) are indications of active
extension (Machette et al., 1996-2004; Parsons, 1995). The title ‘Basin and Range” is
descriptive of the characteristic, alternating basins and ranges laterally across the province
(Guilbert, 1928). As such the ‘Basin and Range’ province has been a highly documented
tectonic regime for which several mechanisms have been proposed.

Two distinct extensional phases are commonly observed: an initial stage of high extension
exhuming mid-crustal rocks in the footwall of low angle faults, which might be due to
tectonic collapse following Mesozoic collisional orogeny (Robb, 2005). This is followed by
the high angled block faulting phase, in response to continued subduction feeding the
magmatic arc and a number of I-type and S-type batholiths before waning of subduction
during the Eocene-Oligocene resulting in thermal collapse in the Neogene (Robb, 2005). The
latter block faulting phase is where the naming of the province was derived (Guilbert, 1928;
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Parsons, 1995). The distribution of crustal extension is heterogeneous, ranging from extreme
to insignificant. Two significant features distinguish the tectonic regimes of the ‘Basin and
Range’ formation from those for the Lachlan Orogen. Aside the difference in size, the ‘Basin
and Range’ province being much larger than normal crustal extension zones (<900 km at its
widest), other broadly extended regions of the crust, including the Lachlan Orogen, are
usually found in submarine environments (Fergusson, 2010; Parsons, 1995). The forces
responsible for the ‘Basin and Range’ province to retain its height above sea level are still
debated. As such, not only does the ‘Basin and Range’ province lack widespread marine
deposition as described by Glen (1990) to characterise Lachlan Orogen extensional basins, it
also lacks widespread superimposed contractional deformation (Fergusson, 2010) as seen in
the inversion of the Cobar Basin.

The Late Silurian to Middle Devonian Lachlan Orogen, on the other hand , might be
compared to the Cenozoic Andes of South America because the latter also displays
contractional deformation associated with advancement of an overriding plate over a
subduction zone (Fergusson, 2010). Subduction of the Nazca plate beneath the Paleozoic
margin during the late Cretaceous resulted in a volcanic arc, behind which back-arc
sedimentation began (Lamb et al., 1997). Continued subduction transferred compressional
stresses in-board creating the thin skinned fold and thrust belt now known as the Eastern
Cordillera. Continued subduction and shortening of the crust in the Oligocene gave way to
more uplift coupled with extensive erosion, creating the Andean Plateau or Altiplano. This
continued subduction formed subduction related volcanism throughout the Western
Cordillera, also elevated to form the Andes, then eroded to contribute to the Altiplano as well
as to the coastal plain to the west (Robb, 2005).

Further eastward, magmatism began during the Miocene as a result of convective removal of
basal lithosphere and crustal melting beneath the elevated Altiplano (Lamb et al., 1997). As
such the Andes remain an unsuitable analogue for the Lachlan Orogen as whilst it does
exhibit a similar compressional tectonic regime, it is dominated by non-marine basins
throughout the Cenozoic, contrast to the abundant marine sedimentation of the Lachlan
Orogen (Fergusson, 2010). The spatial distribution of deformation throughout the Andes as
well as the synchronisation of fault systems and the total magnitude of shortening was mainly
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controlled by large-scale, inherited upper plate features that constitute zones of weakness in
the leading edge of the upper plate (Oncken et al., 2006). A particular combination of
parameters has been attributed to the production of this plateau-style deformation, in
particular differential trench-upper plate velocity evolution, high plate interface coupling
from low trench infill, and the lateral distribution of weak zones in the leading edge of the
upper plate (Oncken et al., 2006). Thus the development of the Altiplano of the Andes is a
feature that shows no equivalence in the Central Lachlan (Fergusson, 2010).

Another modern system which has been used as a modern analogue for the Lachlan Orogen
basins, is that of East Asia and the adjoining western Pacific and Indian Oceans (Summary of
the formations and geotectonics of the East Asia adjoining the Pacific and Indian Oceans
from Fergusson (2010)). In terms of scale, crustal character, heat flow and mantle character,
the region resembles the Basin and Range province but is quite different in tectonic setting
(Hall and Morely, 2004). Generally, East Asia is a backarc region characterised by high heat
flow and is therefore susceptible to extension as a result of rollback and compressional/strikeslip deformation associated with the advancement of fragment from the Himalayan collision
zone (Fergusson, 2010; Hall and Morely, 2004).

In the Cenozoic, East Asia was affected by indentation tectonics as a result of rapidly shifting
plate boundaries, causing the opening of a number of extensional basins, major strike-slip
replacements, ocean basin formations and contractional deformations (Fergusson, 2010;
Morley, 2002). The indentation of Asia by India at approximately 50 Ma mark (Hinsbergen
et al., 2011) modified the Asian continent to a large extent. The collision is regarded to have
also caused the lateral extrusion of southeast Asia between 32 Ma and 17 Ma which has also
been attributed to being the result of the marginal South China Sea opening. However
alternative explanations are that extrusion of southeast Asia was the result of trench retreat
causing opening of marginal seas and eastward extrusion of continental collision blocks
((Yin, 2010) and references therein). However there is little indication to suggest that India
has been the sole driving force for tectonics in southeast Asia (Morley, 2002). For the zone,
the primary driving force behind the complicated inversion and strike/slip events is attributed
to the contraction arising from the Himalayan conversion zone (Fergusson, 2010) whilst
extensional tectonics is attributed to probably being driven by subduction and rollback of the
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western Pacific and Indian Ocean subduction zones (Hall, 2002). The complexity of this
system is not helped by the rapid changes of tectonics occurring in time interval of <5 Ma
(Hall, 2002). Regardless, the East Asia system presents an intermittent extensional and
compressional tectonic regime which includes widespread magmatic activity and sedimentary
marine deposition, but lacks the significant silicic magmatic component, that is characteristic
of the Lachlan Orogen (Fergusson, 2010).

Thus it can be inferred that there is no exact modern analogue for the formation of the
Lachlan Orogen and the Cobar Basin. However an accumulation of a number of the tectonic
processes can be used to deduce a relative formation setting for the Cobar Basin.
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3 VMS, Epithermal and Cobar-Style
Deposits
3.1

Introduction

Before this current study, Pipeline Ridge had been classified as a volcanogenic massive
sulphide deposit (VMS). Whist the Current NSW Metallogenic Map hypothesis indicates it
as a Kuroko VMS Deposit, other studies, and new evidence (from this thesis) suggest
different deposit models; mostly syngenetic, structurally controlled epithermal deposits
similar to those a-typical of the Cobar Basin. This chapter will briefly discuss the main
processes, characteristics and tectonic settings which characterise these deposit types for use
as a guide for interpreting results obtained from Pipeline Ridge.

Figure 3.1: Deposits of the Lachlan Orogen. Adapted from Hough et al, (2007)
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3.2

Volcanogenic Massive Sulphide Deposits

Figure 2.6 by the NSW Government Department of Resources and Energy, classifies the
mineralisation as a felsic dominated, bimodal volcanic, Kuroko style VMS deposit. VMS or
volcanogenic massive sulphide deposit refers to a broad classification of deposits, primarily
Cu-Zn but sometimes including minor Pb-Au. VMS deposits can form in a range of tectonic
settings but are predominantly formed from hydrothermal solutions in volcanically active
submarine environments (Franklin, 1993; Franklin et al., 1981; Koski and Mosier, 2012;
Robb, 2005). Sedimentary Exhalative (SEDEX) deposits represent a similar deposit type to
VMS, however SEDEX are in contrast dominated by Zn-Pb and show no direct links to
volcanic activity. They are widely discussed to represent a continuum as they are
conceptually linked in their formation processes (Gilmour, 1976; Guilbert and Park, 1986;
Kirkham and Roscoe, 1993; Koski and Mosier, 2012; Misra, 2000; Plimer, 1978; Robb,
2005). Previous observations of Pipeline Ridge diamond drill core have provided some
evidence to suggest VMS mineralisation.

The census is that the vast majority of the volcanogenic massive sulphide systems are the
result of the submarine venting such as that seen today in black smokers (Lydon, 1988; Robb,
2005). As such this situation provides the basis of formation, local situation will produce a
vast array of individually characteristic deposits due to volcanic rock compositions ranging
from rhyolite to basalt, as well as being formed in different tectonic environments (intra-arc
basins, back-arcs, mid-ocean ridges, and within plate rift zones) (Mosier et al., 2009). As
such, many characteristic deposits may occur throughout the world. However the general
form of VMS, as summarised by Mosier et al., (2009) is as a generally conformable massive
body of sulphides which may be zoned into stratigraphic Cu-Zn-Pb rich sections with an
optional section of underlying stock work or feeder zone. The massive lens may grade both
laterally or vertically into semi-massive, brecciated or even disseminated mineralisation but
still within the host rock (e.g. Kamikita in Japan and Joma in Norway). Multiple lenses may
be stratigraphically stacked (e.g. Rambler in Newfoundland, Canada) or there may be
multiple lenses spaced out horizontally (e.g. Hanaoka in Japan and Golden Grove in Western
Australia). Summaries of the characteristics of actual VMS deposits and the nature of their
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ore formation can be found in (Franklin, 1993; Franklin et al., 1981; Hekinian and Fouquet,
1985; Large, 1992; Lydon, 1988; Mosier et al., 2009; Robb, 2005; Scott, 1997).
Studies in Robb (2005) have shown that the fluids were predominantly derived from sea
water. However, fluid inclusion studies have suggested that in certain cases, magmatic fluid
components have been incorporated into the hydrothermal fluid systems. The source of the
base metals of the deposit are generally regarded to have originated from the volcanic host
rock associated with the deposit (Franklin, 1993; Franklin et al., 1981; Misra, 2000; Pirajno,
1992). This is because the base metals precipitated are characteristic of their host rock
sources, e.g. high Cu-Zn zonation in mafic rocks and the Pb enrichment component of
bimodal (mafic-felsic) Cu-Zn-Pb VMS deposits.
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Cox and
Singer (1986)

Prokin and
Buslaev
(1990)

Franklin and Others
(2005)

Transitional (Mosier et, al.)

Final (Mosier et, al.

Kuroko

Baimak-

Siliclastic-Felsic in a

Siliclastic-Felsic in a

Felsic to

type

mature epicontinental arc

mature epicontinental arc

intermediate

Bimodal-felsic in an

Bimodal-felsic in an

Bimodal-

epicontinental arc

epicontinental arc

felsic

Felsic

Bimodal-felsic in an
epicontinental arc
Urals-type

Bimodal-mafic in an

Bimodal-mafic in an

Bimodal-

Bimodal-

oceanic arc

oceanic arc

mafic

mafic

Pelite-mafic

Mafic

Bimodal-mafic in an
epicontinental arc
Besshi

Cyprus

Besshi-type

Cyprus-type

Pelite-mafic in a

Pelite-mafic in a

mature oceanic backarc

mature oceanic backarc

Mafic in a primitive

Mafic in a primitive

oceanic backarc

oceanic backarc

Mafic

Mafic in a mid-oceanic
ridge

Table 3.1: from Mosier et al, (2009) summarising changing definitions of VMS deposits and sub-classes
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The VMS sulphur sources contrast with the metal sources, because they originate
predominantly from the sulphate in seawater before their reduction to sulphides during fluidrock interaction prior to venting as described by Ohmoto et al.,(1983). This can be seen in
the compilation of Large (1992) of the trends in sulphur isotope ratios of VMS sulphide ores
and seawater derived sulphate minerals over time. Besides the base metals, Gold and Silver
are common in VMS occurrences throughout the world. However Mosier et al, (2009) noted
that gold and silver concentrations did not vary much within the different types of VMS.
Pearson Chi squared tests suggested that gold and silver concentrations were related to
remobilisation and further concentration, or introduction of gold via later intrusions. High
sulphidation mineralisation is coupled with advanced argillic alteration assemblages at
hydrothermal discharge zones in both modern and ancient sub-marine environments. The
style of alteration can be a key to understanding the transitional relationship between VMS
and epithermal (Ag-Au) types of mineralisation (Large et al., 2001; Sillitoe et al., 1996).

Alteration assemblage

Igneous Classification

· Sericite-muscovite-quartz schist, phyllite, or gneiss

· rhyolite

· Biotite-sericite-quartz schist, phyllite, or gneiss

· rhyodacite to dacite

· Sericite-chlorite-quartz schist, phyllite, or gneiss

· dacite

· Biotite-chlorite-quartz schist, phyllite, or gneiss

· dacite

· Hornblende-chlorite schist, phyllite, or gneiss

· andesite

· Pyroxene-chlorite schist, phyllite, or gneiss

· andesite

· Hornblende amphibolite

· andesite to basalt

· Pyroxene amphibolite

· basalt

Table 3.2: Hydrothermal alteration assemblages for VMS deposits from Koski and Mosier
(2012).
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The Phanerozoic Eon has been noted to reflect clear secular metallogenic trends (Robb,
2005). The tectonic cycles of amalgamation and break up of Pangaea have been noted by
Titley (1993) to correspond to the preferential development of strata bound ore deposits (i.e.
Volcanogenic Massive Sulphide deposits and SEDEX). Development of VMS deposits
appear to be associated with elevated sea levels of the Wilson cycle corresponding with
continental dispersal, namely after the Gondwana break up in the Paleozoic which is
proposed to reflect the rifting, enhanced oceanic crust production and hydrothermal
exhalation that accompany continental dispersal (Robb, 2005).

40 | P a g e

Figure 3.2: Volcanogenic Massive Sulphide Deposit Settings; adapted from United States Geological Survey (2009)
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3.3

Hydrothermal and Epithermal Deposits

As noted by White et al. (1995), a dominant proportion of the recognised Australian
epithermal deposits occur in the Paleozoic Tasman Orogen in which Pipeline Ridge resides.
In the case of Pipeline ridge, a common characteristic of the deposit is the high grade sericitic
alteration (logged by multiple companies i.e. Polymetals, Golden Cross & MEPL) associated
with the multiphase hydrothermal fluid flux, which represents the main concentration of gold
accompanied by base metal sulphides (Cu-Pb-Zn).

First observations of the interactions between active geothermal systems and epithermal
precious and base metal deposits were noted by Lindgren (1933). Hydrothermal ore deposits
encompass a vast array of deposit types involving the precipitation of metallic ions from
circulating water ranging in temperature from 50o to 700oC (Robb, 2005). The range of
hydrothermal deposits can be then separated into three sub categories: epithermal deposits
being formed at shallow depths (<1500 m) and low temperatures (50-200oC); mesothermal
deposits forming at moderate depths (1500-4500 m) and slightly higher temperatures (200400oC); and hypothermal deposits formed at substantially greater depths (>4500 m) and
higher temperatures (400-600oC) (Robb, 2005). One common characteristic apparent is the
zoning of metals and minerals observed in different deposit scales, scales up to over a
hundred kilometers (Guilbert and Park, 1986; Misra, 2000; Pirajno, 1992). It is now widely
regarded that hydrothermal deposits are the results of reactions between mineralised
geothermal waters with wall rocks with modern day analogues occurring throughout the
world, with prominent examples in New Zealand (Pirajno, 1992)

Previous definitions interpreted epithermal deposits to encompass deposits from 50-350oC,
sourced from dominantly weakly saline hydrothermal fluids (Pirajno, 1992). A simplified
definition for epithermal deposits can be used; that is a low temperature hydrothermal deposit
formed at 100-320oC with characteristic textures of hydrothermal alteration (White et al,
1995). Whilst new deposits and characteristics are being discovered, epithermal deposits can
be separated into three main categories: adularia sericite (low sulphidation); kaolinite-alunite
(high sulphidation); and a more recently recognised intermediate sulphidation deposit (Robb,
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2005; White et al., 1995). Although epithermal deposits are known to be mostly volcanichosted and clearly related to magmatism, sediment-hosted deposits are known, and also
transitions between VMS and epithermal deposits have been recognised (Large et al., 2001;
Sillitoe et al., 1996).

A paragenisis concept for hydrothermal deposits was first recognised by Emmons (1936),
who devised the concept of an idealised composite vein extending upwards from deep in the
crust, extending towards the surface, with an idealised gradation of the ore components and
patterns observed in hydrothermal deposits. This sequence, subsequently known as the
“Emmons reconstructed vein” was later revised by Guilbert and Park (Guilbert and Park,
1986) and is shown in Table 3.3 below. Further studies of these paragenetic sequences have
revealed a slightly more complex nature when sulphide transport is involved. This has been
summarised Robb (2005) to closely match the Emmons sequence; Fe-Ni-Sn-Cu-Zn-Pb-AgAu-Sb-Hg.
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Vein

Metal

Ore mineralogy (bold) and alteration
assemblages

Near surface

Barren

Chalcedony, quartz, barite, flourite, and carbonate
minerals

Mercury (Hg)

Cinnabar: chalcedony, quartz, barite, flourite and
carbonate minerals

Antimony (Sb)

Stibnite: quartz,

Gold-Silver (Au-Ag)

Gold, electrum, acanthite: quartz, chalcedony,
adularia, alunite, carbonate minerals, silicification,
some potassic, phyllic, and propylitic

Barren

Quartz and carbonate minerals

Silver-Manganese (Ag-Mn)

Acanthite, rhodochrosite: quartz and carbonate
minerals, Some phyllic, argillic, propylitic alteration
Galena: quartz with minor carbonate minerals

(epithermal)

Intermediate

Lead (Pb)

depth

Zinc (Zn)

Sphalerite: quartz with occasional carbonate minerals,
advance argillic alteration

Copper-Arsenic-Antimony
(Cu-As-Sb)

Chalcopyrite, tennantite - tetrahedrite: quartz,
phyllic, propylitic, argillic alteration

Copper

Chalcopyrite: quartz, phyllic alteration

Molybdenum-Tungsten-Tin
(Mo-Tn-Sn)
Barren

Molybdenite, huebnerite, scheelite, cassiterite:
quartz, potassic alteration
Potassic alteration, anhydrite, carbonate minerals

(mesothermal)

Deep
(hypothermal)

Table 3.3: Progressional sequence of mineralisation according to the Emmons sequence.
Adapted from Robb, (2005).

3.3.1

Low, intermediate and high-sulphidation epithermal

deposits

Epithermal deposits representing the low, intermediate and high sulphidation epithermal
deposits are named as to reflect the characteristic alteration surrounding the deposit and the
dominant sulphidation state (Corbett, 2005; White et al., 1995). As discussed by Pirajno
(1992), initial documentation of these sulphidation classifications have been previously
considered according to their alteration assemblages and volcanic hosted environments. In
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this, epithermal deposits were previously considered as follows; quartz-adularia or adulariasericite low sulphidation types; and quartz-alunite or acid-sulphate high sulphidation types
(Bonham, 1986; Heald et al., 1987; Henley and Berger, 1988; Silberman and Berger, 1985).
In more recent times, the category of low sulphidation deposits has been divided into (a) an
intrusion-related quartz sulphide Au-Cu, (b) carbonate base metal-Au deposits and (c) an
epithermal, sulphide poor quartz Au-Ag vein deposit model of predominantly low
sulphidation, sulphide poor, and banded epithermal quartz veins (Corbett, 2002; Corbett and
Leach, 1998). Recently, part of the carbonate-base metal Au-polymetallic Au-Ag portion of
the intrusive related low sulphidation group has been included a new epithermal deposit
group, the intermediate sulphidation deposit (Corbett, 2005) as labeled by Einaudi et al,
(2003). According to this classification as outlined by Einaudi et al, (2003), intermediate
sulphidation classification is applicable in settings involving the evolution of hydrothermal
fluids from high sulphidation to low sulphidation. Distinguishing factors between low
sulphidation and intermediate sulphidation are outlined to be Zn poor sphalerite in low
sulphidation deposits and Zn rich sphalerite in intermediate sulphidation deposits (Corbett,
2005; Einaudi et al., 2003; Sillitoe and Hedenquist, 2003).

3.4

Cobar Style-deposits

The Kopyje shelf which hosts the Pipeline Ridge deposit represents the eastern margin of the
Cobar Basin, home to a large number of deposits termed Cobar-Style deposits. The Cobar
Superbasin system, as of 2006 (David, 2006), forms the richest polymetallic basin in the
Lachlan Orogen with a mineral inventory of 198t Au (6,384,965.5 troy ounces); 4,597t Ag;
2.2Mt Cu; 4.8Mt Zn and 2.9Mt Pb. The ‘Cobar-Style’ deposit isn’t is not strictly a single
style of deposit, but merely a collective term used to summarise a moderately variant
collection of deposits found in the Cobar Basin. As such no extensive literature exists on the
exact nature and definition of ‘Cobar-style’ deposits. Metallogenic studies, combined with
basin architecture, facial analysis and structural evolution have been combined in attempts to
find answers on metal source, fluid flow mechanisms and deposition models for the Cobar
Basin (David, 2006). The term ‘Cobar style’ remains ambiguous as whilst thrusts in and
along the edges of the Cobar Basin may be mineralised and coined ‘Cobar-style’ deposits,
thrusts along the shelves may also be mineralised (e.g. Mt Boppy of the Kopyje shelf, only
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20km NW of Pipeline Ridge (Glen, 1995)) and yet are excluded from the ‘Cobar-style’
classification. Examples of Volcanic hosted deposits in mixed basins have assumed to have
been genetically related to volcanism (i.e. they are VMS), however their extremely deformed
states has highlighted the need to assess the part that thrusting might have played in the
paragenisis (Glen, 1995).
A number of theories have been postulated and explored over time in attempts to suggest
models for deposit formation of ‘Cobar-style’ deposits as outlined by Glen (1995 and
references for these deposit models therein):
1) Hydrothermal replacement models
2) Sediment hosted syngenetic models with mechanical remobilisation occurring
only a short distance from the original ore body. The models of this were based
on the associations of sphalerite-galena and chalcopyrite-gold mineralisation.
Application of this syngenetic model however was strongly rejected by O’Connor
(1980).
3) Structurally controlled, syndeformational models. These models were prompted
by the rediscovery of the relationships between major deposits in the central
region of the Cobar basin from the work done by Glen (1987) on quartz vein
microstructures. These models were also prompted by the recent discovery of the
massive Elura deposit, studies on the existing CSA deposit and work on the Peak
deposit.
4) Models involving polymodal forms of genesis.

Majority of the Cobar deposits occur in the higher strain areas of the Cobar Basin,
characterised by faulting, thrusting , variable folding and the development of regional
cleavage containing a downward dipping mineral lineation (Glen, 1995). These deposits are
noted to predominantly in the high strain structural zone 1 (Glen, 1990, 1991) with only Elura
in structural zone 2 (Glen, 1995) (Figure 3.3 for structural zones 1 and 2). The Elura ore
body consists of seven vertical pipes of mineralisation as massive and layered sulphides with
zonations of sulphides from centre to edge and alteration haloes surrounding the ore pipes.
With the sulphides being foliated it has been suggested that they are syntectonic ore bodies
(deRoo, 1987). Subsequently David (2008) interpreted the deposit as formed in the semilithified sediments and underwent modification of thin-skinned style tectonics and thereby
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suggested a similar deposit model to that of the “Irish type”. As for structural zone 1, most of
the mineralisation occurs along the fault contact between the Chesney and Rookery blocks
along the Great Chesney Fault in the Central area and the Great Peak fault in the Peak area
(Glen, 1995). Other Cobar deposits occur on thrusts with internally imbricated panels.
Several common features of these deposits are summarised by Glen (1995; and references
therein):
1) Ore shoots show a disc shaped form that lie oblique to the bedding and sub
parallel to the steeply easterly dipping cleavage, whilst the ore shoots plunge to
the North, parallel to the regional extension lineation.
2) Predominant ore bodies are comprised of Cu-Ag and Fe sulphide veins,
mineralised quartz veins, mineralised silicified host rocks and sometimes banded
galena-sphalerite in silica-carbonate-chlorite envelopes. Some massive base metal
sulphide lenses are present.
3) Deposits at CSA and those on the Great Chesney Fault occur where thrusts are
either cross cut by structures or contain an irregularity or jog.

More recently, researchers such as Lawrie and Hinman (1998) have outlined a vast array of
characteristics of ‘Cobar-Style’ deposits. Under their outline, general characteristics of
‘Cobar-style’ deposits include:
 ‘Cobar-Style’ deposits are polymetallic deposits hosted in Late Silurian-Early
Devonian Cobar Basin siliclastic marine turbidites or minor felsic volcanics
 Ore bodies tend to have a steep sub-vertical trend with multiple ore lenses
 Regional metal zones trend from Au-Cu, Cu-minor Au, and Au-Cu-Pb-Zn in the
south, to Cu-Zn-Pb-Ag, then Ag-Pb-Zn-(Cu) deposits northward.
 Significantly smaller sulphide bodies associated with Au deposits
 There is no direct link to igneous bodies with possible exception of the McKinnon’s
deposit.

The dominant factor which separates Cobar style deposits is the majority of the deposits
within the Devonian sedimentary rocks of the Cobar Basin are regarded as hydrothermal
orogenic-type mineralisation associated with shear zones. Comments on ore genesis however
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reveal a general consensus around the timing of ore formation residing synonymously with
the inversion of the Cobar Basin (David, 2008; Glen, 1987, 1991, 1995; Lawrie, 1999),
however some debate has remained with interpretations and other dates remaining
controversial.
Whilst extensive debate on the ore genesis has remained, a general summary of the Cobar
Basin metallogenesis can be made. Metallogenesis is described to have formed in early and
late stages (David, 2006). In the early stages, intrusion related epithermal, VMS and Irish
type deposits were formed (David, 2006; David, 2008) hosted within the syn rift sedimentary
sequences and forming within zones of growth faults and major fault intersections. The later
stage formed the “Cobar style deposits”, of quartz-vein-hosted and Mississippi Valley type
deposits. The inversion of the Cobar Basin is said to control the morphology of these
deposits, that are located in the structurally favorable sites along faults, within faults and
amongst areas of fault intersections (David, 2006).

Zone 1
Zone 2

Figure 3.3: Deposits of the Cobar Superbasin adapted from David (2006).
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4 Petrology
4.1

Introduction

The use of microscopy relies on the inherent nature of different minerals to produce
unique attributes such as colour, birefringence, relief, habit, cleavage and extinction angle; all
determined by the crystal structure of the mineral when being observed under transmissive or
reflective light conditions. This chapter focusses on the use of detailed petrological and
mineragraphic examination of an array of thin section samples from various levels of the
Pipeline Ridge deposit. The various aspects examined in the petrographic analysis include
host rock classification, alteration assemblages and intensities, and mineragraphic
examination of mineralisation, all on a microscopic scale.

In this study, transmitted light petrography was utilised in order to examine and determine the
classification of the host rock unit as the altered nature of the deposit make it difficult to
accurately determine the nature of the host rock using hand specimen examination. As well
as the determination of the host rock unit, transmissive light petrography also allows for
detailed examination of the alteration assemblages by examining and identifying the
overprinting, infill and alteration textures in order to create a paragenisis for the formation of
the alteration assemblages. Reflective light petrography was also utilised in this study to
examine the relationships between the mineralisation and the host rock as the sulphide
minerals can only be examined using reflective light microscopy. The reflective light
microscopy allowed for examination and identification of the alteration, infill and
overprinting textures associated with the deposition of the sulphide minerals as the gold
mineralisation is only examinable on a microscopic level. The results of this chapter will be
utilised in later chapters to assist with the analysis of geochemical data and sulphide isotope
data.
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4.2

Previous Studies

Since the discovery of the Pipeline Ridge deposit by MEPL in 1976, two petrological
reports on drill core from the deposit have been completed. The first report was by contract
petrologist R.W. Nesbitt (1976) for MEPL of fifteen samples from diamond drill hole PPR1,
the very first drill hole to be drilled into the Pipeline Ridge deposit. The Second report was
to follow over thirty five years later after Polymetals Mining Limited purchased the tenement
exploration license. The second report was performed by Dr B.J. Barron (2012), who was
contracted by Polymetals to examine five diamond drill core samples from the drill hole
PCN089 about 60 m to the North and ~20 m to the West of the primary hole under
examination in this paper (PCN090). Whilst this hole was some distance from the primary
hole under examination, the deposit remains relatively homogenous over the extent of the
prospect.

4.2.1

Summary of previous petrological reports

The first report by R.W. Nesbitt (1976) involved fifteen drill core samples which were
analysed using an array of techniques from x-ray diffraction, petrography, mineragraphy and
chemical analysis. Nesbitt concluded that there was a range of interesting mineralisation
zonations throughout the hole. Zonations of pyrite in dissemination and massive habit as
well as sphalerite in the upper sections of the hole were suggestive of a facing indicator but
this conclusion requires more data to be confident. Nesbitt noted that the presence of
pervasive siderite and sericite throughout the hole in constantly differing amounts which has
been interpreted to be the result of a late stage magmatic-hydrothermal event and in this they
represent the sulphide phases. Nesbitt concluded that the position of the massive sulphides is
of obvious importance. Although the samples were limited to only fifteen, he agreed with
Bluck (MEPL Senior Geologist) that the upper section of the hole tends to be clastic with
vague sediment bands preserved. Observations of the mineralisation suggests that the
mineralisation was filling in the pores of the volcanic pile and that the mineralisation suggest
low temperature deposition; probably immediately after consolidation yet before compaction.
Nesbitt suggests insufficient samples were presented to comment on the nature of the host
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rock throughout the hole apart from the clastic nature and that there appears to be no evidence
for a rock water contact. However, the persistent nature of sericite and siderite (carbonates)
suggests proximity to some form of circulatory system.

The second petrological report by Dr. B. J. Barron as a contractor for Polymetals Mining
Limited (2012) involved the petrological and mineragraphic examination of five drill core
samples from the Pipeline Ridge Deposit. The five samples were taken from intermittent
sections throughout the HQ diamond core drill hole PCN089, some 60 m North and 20 m
west of the primary hole under observation in this study. Of the five samples analysed, the
first sample was an interlayered, fine to extremely fine grained, multiply deformed
siltstone/silty claystone/claystone. The other four samples presented an array of selectively
altered, unsorted crystal/vitric tuffs containing material from a very coarsely quartzporphyritic acidic, (probably rhyolitic) volcanic source. The matrix commonly consists of
devitrified and tuffaceous fractions of varying levels of alteration. Commonly observed is
sericitic alteration and siderite/carbonate replacement with an abundance of rounded, subrounded and sub-angular fragments of quartz crystals (phenocrystic). The quartz is preserved
as both re-crystallised and in-situ fractured crystals. Whilst the samples lack the presence of
electrum, base metal sulphides are present with disseminated sub-euhedral pyrite and
sphalerite/chalcopyrite/galena infill of fractures. In one of the samples, relatively abundant
fragment or hydrothermal infill of vein quartz and yellow (low iron) sphalerite suggests iron
poor sphalerite as a result of distal proximity to its hydrothermal source.

4.3

Hydrothermal Alteration

Hydrothermal alteration refers to the effects that a hydrothermal fluid imparts to the host
rock in the form of mineralogical and/or textural changes. The changes are referred to by a
variety of terms i.e. alteration, wall-rock alteration, replacement, and metasomatism (Taylor,
2009). Hydrothermal fluid uses two forms of transport, primary porosity (pore spaces) and
secondary porosity (fractures), both of which play an important role in the nature of alteration
halo’s surrounding a hydrothermal deposit. Whilst the nature of the fluid transport
determines the characteristics of hydrothermal alteration which provides valuable information
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for geologists on the characteristics of hydrothermal deposits, proximity to the main source of
hydrothermal fluids leads to increasing levels of alteration. The effects of hydrothermal
alteration range from small selvedges adjacent to cracks up to kilometre scale zones
surrounding breccia pipes or porphyry systems (Taylor, 2009).

4.4

Pipeline Ridge Mineralisation

Mineralisation of the Pipeline Ridge deposit occurs in two forms; massive sulphides
associated with hydrothermal quartz veins and disseminated sulphides throughout various
sections of the hole (Figure 1.4). White (1998) in Torrey (2005) describes the mineralisation
as residing within E-Dipping, steeply S-Plunging mineralised polymictic hydrothermal
breccias contained within a broader zone of crackle brecciation, silicification, sericitisation
and sulphide veins. The primary gold mineralisation of the deposit occurs in hydrothermal
quartz/carbonate veins with predominant sources being multiphase fluid fluxes creating
deposits of massive sulphides. The primary economic mineralisation of the deposit is the Au
mineralisation associated with the multiphase hydrothermal veins selectively dispersed
throughout the deposit. The very fine grained texture of the Au mineralisation means that
microscopy is needed to observe the textural and depositional characteristics of the
mineralisation to help decipher the mechanisms behind the Au deposition. The primary focus
of petrographical analysis of the mineralisation in this study is the precipitation of the
strongest concentration of Au and base metals in the multiphase, hydrothermal fluid flux.

Figure 4.1: Hand specimen of the multiphase, hydrothermal fluid flux; the main concentration of gold mineralisation
from which slides GM001A-D were produced. Note the continually cross cutting phases overriding each other as a result
of progressive hydrothermal fluid phases.
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4.5

Sample Collection

The primary concentration of the base metal sulphides, excluding the wider dispersed
disseminated sub-euhedral pyrite, is concentrated in fracture filling hydrothermal fluid phases
with the highest concentration of gold in the multiphase hydrothermal fluid fluxes (Figure
1.4). The primary hole under examination (PCN090) contains levels of alteration very
similar to those displayed in Figure 1.4 with the strongest mineralisation situated in a 20 cm
band of multiphase hydrothermal fluid flux which is the first sample under examination (see
Appendix I). The remaining samples collected for petrographic analysis consisted of samples
spaced approximately 5 m -10 m apart both upwards and down the hole (as listed in
Appendix I) so as to give an example of what appeared in the hand specimen to be the best
representative sample every approximately 5 m -10m across the hole. The spacing across the
hole was used in order to gain an idea of the changing lithology throughout the hole and to
provide a representative sample of the alteration assemblages within the hole, both above and
below the mineralisation, so as to compare it with the idealised section composed by
Polymetals Mining Limited.

4.6
4.6.1

Petrographic observations
Host Rock Mineragraphy

Petrographical examination of the samples collected from Pipeline Ridge revealed that the
Sarona Downes tuff member (Felton et al., 1983) consists of predominantly an array of
interbedded felsic, crystal/vitric tuffs in an array of fine grained, possibly once glassy,
quartzic tuffaceous matrix. These volcanic units of rhyolitic composition are common
occurrences of the previously described Kopyje beds (McManus and Weber, 1969).
Estimates based on the abundance of quartz phenocrysts compared to what is assumed to be
alkali feldspars now replaced with carbonate infill, quartz infill and sericitic alteration, along
with the fine grained and possibly once glassy tuffaceous matrix indicates that the original
host rock to be of a rhyolitic composition. Establishing an exact classification for the mineral
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composition is difficult due to the moderate to intense alteration seen throughout the deposit
as a result of the nature of hydrothermal alteration. As a result, the classification of a rhyolite
based simply on the petrographic study alone is an assumption. However, later in the study,
XRF analysis of trace elements was used to assist with classification of the host rock and to
reveal the mechanisms behind its formation. Previous mineral exploration geological logs
indicated promising prospects of felsic intrusives and or volcanics (Figure 1.4) however, no
definite intrusives were observed in this study. Intense alteration of the host rock adjacent to
the main phases of hydrothermal veining made identification of intrusives or volcanics in the
hand specimen difficult and small bands of intrusives or volcanics as suggested by Figure 1.4
may have been present but missed during sampling.

Groundmass presents a characteristic factor of the host rock with notable classifications of
rhyolite being leucogranitic, porphyritic igneous rocks of predominantly quartz and alkali
feldspars in a glassy or microcrystalline groundmass (Cox et al., 1988; Gill, 2010; Winter,
2010). The alteration of the groundmass throughout the deposit posed a minor difficulty in
identifying the exact classification of the rock. The majority of the samples presented a more
microcrystalline matrix of what appeared to be fine grained crystalline quartz with
devitrified, chlorite/sericite altered glassy tuffaceous groundmass. Some samples closer to
the main mineralisation presented a slightly more silicic, crystalline matrix however this
appears to be the result of hydrothermal alteration. Whilst the general groundmass
throughout was that of a glass tuffaceous matrix, some samples presented brecciated textures
along with breccia fragments of tuffaceous acidic volcanics. Whilst the textures observed
where brecciated and in filled with carbonates and larger crystals of sericite, formation of the
breccia is difficult to determine. However, the infill of brecciation fractures by carbonate and
sericite suggest brecciation occurred post-depositionaly. Sample GM013 provided a different
sample to the rest of the host rock displaying a band of what appears to be highly vitric tuff.
The entire sample consisted of some very fine grained quartz crystals in a highly chlorite
dominated matrix which is interpreted to be a highly glassy tuffaceous matrix with
devitrification causing phenocrystic chloritic groundmass.
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Figure 4.2: Samples of more pristine groundmass seen generally throughout the deposit; (a) &
(b) are XPL and PPL photomicrographs from petrographic observations of GM010 showing a
fine grained, quartz crystal, glassy tuffaceous matrix with some sub-angular to rounded
phenocrysts of quartz. (c) & (d) are photomicrographs from GM008 similar to that of GM010
however with more fractured fragments of quartz crystals. This sample shows a slightly finer
matrix than that in GM010 and moderate sericitic alteration. (e) & (f) are XPL and PPL
photomicrographs from GM016 showing a large magmatically recrystallised quartz phenocryst
in a fine grained, possibly glassy, crystal matrix. (g) & (h) are XPL & PPL photomicrographs
from sample GM023 showing a slightly coarser matrix and moderate sericitisation.

Another major feature of the host rock is the presence and percentage of phenocrysts; in this
case rounded to sub angular quartz phenocrysts commonly showing resorbtion and
crystallisation textures as well as cuspate habits. These quartz phenocrysts are commonly
accompanied by what is interpreted to be pseudomorphic feldspar phenocrysts (quartz
phenocryst content > feldspar phenocryst content). One sample provided the only example
with relict feldspars present. Sample GM008 presented the least altered section exhibiting
relict alkali feldspar phenocrysts. These phenocrysts contain areas showing different
extinction angles which do not appear to be twinning but exolution and slow cooling of alkali
feldspar (Figure 4.3 (a & b)). As this feldspar represents the only relict feldspar observed it is
interpreted that the observed pseudomorphed feldspars are of a similar alkali nature to that
observed in GM008. Other large pseudomorphs observed throughout the host rock were
vitric shards showing signs of depositional textures (Figure 4.3). Whilst sericitic alteration
remained dominant, chlorite and sericite replacement of vitric shards preserved depositional
textures and remained indicative of a volcanoclastic host throughout a large portion of the
deposit.
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Figure 4.3: Phenocrysts and devitrified vitric fragments; (a) & (b) are XPL and PPL
photomicrographs from petrographic observations of GM010 showing a fine grained, quartz
crystal, glassy tuffaceous matrix with some sub-angular to rounded phenocrysts of quartz. (c)
& (d) are photomicrographs from GM008 similar to GM010 however with more fractured
fragments of quartz crystals. This sample shows a slightly finer matrix than that in GM010 and
moderate sericitic alteration. (e) & (f) are XPL and PPL photomicrographs from GM016
showing a large magmatically recrystallised quartz phenocryst in a fine grained possibly glassy,
crystal matrix.
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4.6.2

Alteration Assemblages

Two bands of alteration are proposed to characterise the alteration assemblage of the
Pipeline Ridge Deposit (Figure 1.4), depicted by Polymetals Mining Limited. The two main
alteration assemblages of the deposit are defined as the sericite/disseminated pyrite
assemblage above the mineralisation whilst a chlorite/sericite assemblage exists below the
main zone of mineralisation. Thin sections throughout the hole revealed a similar range of
alteration assemblages to those described in the idealised thin section, however, the alteration
assemblages appeared to be not so definite. The fine grained nature of the groundmass made
identification of the alteration minerals difficult and determination of the dominant mineral
was hindered. Observations of thin sections in this study suggest a proximity alteration
sequence as well as a vertically graded sequence. Summaries of thin sections can be
observed in Appendix II.

The sericite, as proposed, was prevalent throughout the hole with dominance throughout the
first section of the hole yet waning with depth and with increasing proximity to the main ore
concentration. Sericite alteration of the groundmass was the predominant source of sericite in
the upper levels of the hole. However, with increasing depth on the underside of the main
mineralisation, sericite alteration of the ground mass appeared to be replaced by a
chlorite/sericite combination alteration as previously indicated by Polymetals Mining Limited
(Figure 1.4). Regardless, sericite remained the dominant mineral replacing what is
interpreted to be alkali feldspars (4.6.1).

Crystal outlines of pseudomorphed feldspars were commonly visible amongst the
groundmass but are replaced by quartz crystallisation, carbonate infill and sericite alteration
of the previous phenocryst. The shallower portion of the deposit (<60 m) saw a lot of highly
characteristic dissolution and infill of previous feldspar crystals by both quartz infill (1st
stage) and later carbonate infill (2nd stage). Similarly, increasing depth saw a return of quartz
crystallisation and carbonate infill textures replacing previous phenocrysts, however, on the
underside of the mineralisation, sericitic alteration of feldspars was observed to be the
predominant feldspar replacement mechanism. Dissolution of interpreted feldspars saw
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vacancies which were replaced by crystallising euhedral quartz around the edge of the empty
pockets where feldspars previously existed before the remaining vacancy was in-filled with
carbonate (probably dolomite). Perseverance of carbonates throughout the hole is indicative
of the presence of a hydrothermal system as suggested by Nesbitt (1976).

Silicic alteration within the deposit seems prevalent with both infill of dissolved phenocrysts
and recrystallisation of previous quartz phenocrysts present regardless of location. Notable
was the proximity to the main mineralisation which appears to be the factor governing the
intensity of silicic alteration. Within a certain proximity to the main mineralisation,
pseudomorphs, interpreted to previously having been alkali feldspars, where dominated by
sericite alteration and quartz crystallisation. Even previous quartz phenocrysts have been
observed to have been hydrothermally altered and recrystallised depending on their proximity
to the main mineralisation (Appendix II). On the underside of the main mineralisation, many
stringer veins (Appendix II) were noted in logs as well as a ‘crackle breccia’ zone (Figure
1.4). Whilst intensity of silicic alteration is not as intense as that proximal to the main
mineralisation, silicic alteration and recrystallisation were more apparent beneath the main
mineralisation compared to that above the mineralisation. This is perhaps the result of the
higher hydrothermal fluid flow of the stringer veins in the ‘crackle breccia’ zone.
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Figure 4.4: Proximity alteration model proposed for the Pipeline Ridge Deposit. Adapted from Ridley
and Barnicoat, (1990).

As suggested by Polymetals Mining Limited in their idealised section (Figure 1.4), a pyrite
sericite assemblage is observable in the proximal area above the main zone of mineralisation.
Study of the thin sections has revealed that pyrite mineralisation remains present throughout
the hole; however, characteristics do differ at different levels in the hole. Pyrite locally above
the main mineralisation resides as predominantly euhedral to sub-hedral disseminated crystals
commonly within levels of high sericite alteration. The pyrite located locally above the
mineralisation is of much higher concentration of larger euhedral crystals compared to that
which can be observed below the mineralisation. Disseminated pyrite is observed below the
mineralisation but exists in much lower concentrations and in small blebs rather than
euhedral crystals; hence the lack of recognition of disseminated pyrite in the lower sections.
It can be observed that the pyrite intensity gradually degrades downwards with depth and
incorporates a portion of disseminated base metal sulphides accompanying pyrite with
increasing depth (minor sphalerite and galena).
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4.6.1 Mineralisation

Analysis of the textural and depositional characteristics of the mineralisation revealed
multiple phases of sulphide precipitation with multiple influences on their location within the
deposit. Samples GM001A, GM001B, GM001C, and GM001D represent a cross section of
the primary gold concentration in the multiphase hydrothermal fluid flux. Samples GM003A
and GM003B represent a cross section of the second most prominent mineralisation zone
and, as a result, these two bands of mineralisation are the main focus of the reflective
petrographic study. Sample GM015 from slightly further down the deposit presented another
small concentration of mineralisation. However, metal sulphides were dominated by the
presence of sphalerite above any other base metal sulphide. Small summaries of the thin
sections can be observed in Appendix II.

Microscopic analysis of the primary mineralisation bands in GM001A-D revealed a
moderately complex series of events involved in the precipitation of gold and sulphides
within the deposit. Coliform banding, chalcedony and crystalline quartz can be observed in
the hand specimen (Appendix II) and under the microscope with both coliform banding and
chalcedonic quartz both implicating multiple phases of silicic fluids. Observation of the hand
specimen reveals a series of cross cutting coliform banded quartz, pyrite veins. The original
vein appears to be chalcedonic quartz which was then remobilised or fractured. Continual
influxes of silicic fluids create coliform bands of quartz (seen in both hand specimen and thin
section) flowing into the vein with intermittent influxes of pyrite (Figure 4.5) creating the
coliform banded quartz/pyrite veins. Continual remobilisation and fracturing has resulted in
many phases of quartz/pyrite deposition with what appears to be only very minimal base
metal sulphide precipitation. Pyrite from the multiple phases is observed in multiple habits.
Some euhedral crystals are present and some in massive form but predominantly sub-hedral
crystals are seen. Some pyrite crystals quite commonly show in-situ fracturing commonly
filled by carbonate and base metal sulphides. These base metal sulphides and carbonates
appear to be the main phase of mineralisation.
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Figure 4.5: (a) & (b) are photomicrographs of GM001C&B respectively showing
predominantly phase one sub-hedral pyrite and quartz with minor portions of phase two
chalcopyrite and carbonates infilling fractures and vacancies.

The presence of base metal sulphides is common in both of the main fluid flux veins
(GM001A-D and GM003A-B). The base metals are observed to occur as galena,
chalcopyrite and sphalerite along with some traces arsenopyrite which also appears
interlayered with pyrite and coliform quartz in GM002. The base metals occur in in only
small quantities showing massive habits. Galena, chalcopyrite and sphalerite all occur as
infill of vacancies in the quartz/pyrite and are observed to have been mineralised along with
the carbonates accompanying them. The base metal sulphides and carbonates infill vacancies
around euhedral crystals, infill cracks, and infill dissolved portions of previously mineralised,
in situ fractured pyrite crystals. The main concentration of the base metal sulphide
mineralisation is the hydrothermal fluid flows, however, very minor disseminated portion of
base metal (Pb-Zn) sulphides are observed to have in-filled and mineralised in small blebs
and in minor fractures throughout the host rock below the mineralisation (Appendix IV for
geochem data on base metal concentrations). See Figure 4.6 below for base metal sulphides
in the main fluid flow.

The carbonate accompanying the base metal sulphides can be seen as dark patches
accompanying the galena, chalcopyrite and sphalerite with clearer distinction in the darker
pores in the chalcopyrite. The larger portions of galena commonly exhibit moderately
formed arrays of triangular cleavage pits suggesting the galena has undergone some
deformation without complete recrystallisation during later tectonic or hydrothermal events
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(Downes, 2007). Combinations of galena-chalcopyrite, galena-sphalerite and sphalerite
chalcopyrite can be seen mineralising together with a smooth continual contact and no break
in mineralisation indicating their mutual dissolution along with the carbonates. A final stage
of mineralisation appears to be present with barren carbonate and quartz veins intersecting
mineralisation showing a much more defined and larger crystal habit for both carbonate and
quartz with only possible association with ‘cleaner’ chalcopyrite. Figure 4.6 below shows
base metal sulphides in the main mineralisation zone.
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Figure 4.6: (a) & (b) are reflective light photomicrographs from petrographic observations of
GM001B showing carbonates and chalcopyrite of phase two infilling fractures and molding
around previous crystals. (c) & (d) are photomicrographs from GM001B&C respectively,
showing galena, chalcopyrite and carbonates of phase two, again filling in vacancies. Note the
triangular pits in the galena. (e) & (f) are photomicrographs from GM001C&D respectively
showing the galena and chalcopyrite acting the same as in (c) &(d). (g) & (h) are
photomicrographs from GM003A&B respectively, this time showing sphalerite as well as
chalcopyrite forming together with carbonates, infilling fractures and vacancies.

Au or electrum can be observed in the samples from both GM001 and GM003, identifiable
by their consistently brighter colour compared to the darker, slightly green colour of
chalcopyrite. Over the ~20 cm multiphase hydrothermal vein, only very small blebs of
Au/electrum can be observed under microscope. These small blebs are commonly 20-100
µm in size and are almost always accompanied by base metal sulphides and by carbonates
(Figure 4.7 to Figure 4.15). The gold/electrum blebs can be observed forming within
vacancies in pyrite and quartz crystals, molding around the edges of earlier pyrite and
infilling in situ fractures of pyrite crystals as well as part of massive sulphides of galena and
chalcopyrite. Whilst they are only small blebs, the concentration is significant and makes the
gold the primary source of economic mineralisation.
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Figure 4.7: Photomicrograph of GM001A showing Au, chalcopyrite and carbonates infilling vacancies
around phase one pyrite crystals with Au forming in conjunction with chalcopyrite
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Figure 4.8: Photomicrograph of GM001A showing Au, chalcopyrite, carbonate and galena all forming in
conjunction, in filling vacancies and molding around pyrite an quartz of the previous phase.
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Figure 4.9: Photomicrograph of GM001A again showing phase two infilling fractures and molding
around previous phase 1 minerals.

Cp

Au
Py
Py

Ga

Py

Au
Car

Py

b

Figure 4.10: Photomicrograph of GM001A again showing phase two infilling around phase one
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Figure 4.11: Photomicrograph of GM001A with phase two infilling amongst a large portion of
phase one quartz
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Figure 4.12: Photomicrograph of GM001C showing phase two infilling a large in situ fractured pyrite
crystal precipitating Au in the centre.
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Figure 4.13: Photomicrograph of GM001C showing phase two chalcopyrite, carbonate and Au infilling
large in situ fractures of a pyrite crystal and molding around the crystals.
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Figure 4.14: Photomicrograph of GM001C showing phase two forming in vacancies and a large
fracture of phase one pyrite.
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Figure 4.15: Photomicrograph of GM003A showing sphalerite, chalcopyrite, galena, carbonate
and Au of phase two all precipitating in conjunction, infilling around the edges and in fractures
of phase 1 pyrite and quartz.

4.7

Interpretation

The various petrographic observations provide evidence that suggests a number of factors
were involved with the deposition of the Pipeline Ridge deposit. The continuous nature of
the host rock from observations throughout the volcanic pile suggests a continual source of
volcanics produced all of the volcanic pile under study. However, petrographic evidence
alone is not conclusive. Moderate to high levels of hydrothermal alteration make confident
nomenclature of the host rock difficult and supplementary data is required for more confident
interpretations. The host rock of the deposit is consistently comprised of phenocrysts of subrounded to rounded quartz phenocrysts showing signs of magmatic resorbtion and
recrystallisation. Pseudomorphic phenocrysts of once feldspar crystals, commonly
accompany quartz phenocrysts. Ground mass for the host rock, although commonly
experiencing different levels of alteration, is predominantly comprised of fine grained crystal
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quartz, once glassy, tuffaceous matrix. As such, by Gill’s definition (2010), this host rock is
interpreted as a leucocratic, phenocrystic rhyolite in a fine grained, dark, glassy matrix.
Alteration of this host rock, as described by previous studies (Figure 1.4 ) is presented in
different assemblages according to proximity with the main mineralisation. This previous
representation of alteration assemblages suggests a transitional assemblage downwards.
However, evidence from petrography from this study suggests a proximal model similar to
those shown in Figure 4.4 ((Peate, 1997)). As such, the proximal model proposed suggests a
strong disseminated pyrite/sericite alteration model in the areas distal to the main
mineralisation (low level alteration). Increasing proximity (moderate level alteration) infers a
chlorite/sericite assemblage dominated by chlorite with minor silicic alteration. Finally, a
high proximity assemblage (adjacent to vein) is dominated by silica alteration. Continual
appearances of minor veining below the main mineralisation vein are interpreted to be the
catalyst behind the proximal chlorite/sericite alteration assemblage.

From petrographic observations, mineralisation of the pipeline ridge deposit is interpreted to
have formed in three main stages (not including a metamorphic/alteration disseminated pyrite
phase): i) multiple hydrothermal, silicic fluid phases precipitating a range of coliform,
chalcedonic and pyritic vein phases continually fracturing, intruding and cross cutting each
other in the main mineralisation bands, ii) a second stage, proposed to be a carbonate-AuCu-Pb-Zn phase in-filling vacancies and precipitating Au and base metal sulphides around
the previous silicic-pyrite veins, iii) a third stage which is suggested to be a barren or almost
barren quartz carbonate vein stage with possible precipitation or reconcentration of
chalcopyrite and galena. Overall, this study implies that the source of the volcanic rocks is a
porphyritic acidic source (proposed to be a rhyolite) which may have been part of a
submarine depositional environment (however no evidence was found directly in this study to
support this). The main mineralisation is implied to have resulted in the alteration
assemblages observed, including events of dissolution and infill. Implications of these results
will further be discussed in Chapter 8.
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5 Zircon U-Pb dating using SHRIMP
5.1

Introduction

This chapter focuses on the use of U-Pb zircon dating to obtain the age of the rhyolitic host
unit of the Pipeline Ridge deposit and constrain the relative time of ore formation. This age
will be used to compare with the ages of other volcanic formations throughout the Cobar
Basin, to the granites to the south of it, and to the timing of established orogenic events.
Dating the host rhyolites will constrain the maximum age of mineralisation and give a more
precise timing on the initial opening and rifting event that formed the Cobar Basin. The lack
of datable igneous units or fossiliferous sedimentary units within the Cobar Basin has made it
difficult to place accurate age constraints on mineralisation and metamorphism during
inversion of the basin.

Unlike stratigraphic and biostratigraphic methods which only give relative ages, radiometric
methods give absolute ages. This relies on the quantifiable physical process of the decay of
parent daughter nucleides in which rates remain constant regardless of the physical
environment. Analyzing the ratio of radioactively unstable 238U compared to its radioactively
stable daughter nucleus, 206Pb, then calculating this relative to the known half-life of 238U,
can allow us to determine the age Uranium hosting zircons produced at the time of the
emplacement of the rhyolitic volcanics (Williams, 1998). Zircons are particularly useful in
the field of geochronology because of their stability and resistance to alteration and chemical
change resulting in a final chemical composition which has remained as unaltered as possible
from their time of formation.
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In situ zircon U-Pb dating was undertaken by SHRIMP at the Australian National University
in Canberra. In addition to the dating of the host unit, Peter Downes has used 40Ar/39Ar
dating in order to analyse the alteration dates associated with the mineralisation. However,
unfortunately the dating process for 40Ar/39Ar ratios requires extensive periods of time and
the results will not be available for comparison during the publication of this study. Similar
studies on alteration assemblages such as Perkins et al, (1994) and (Black, 2005; Black,
2006; Black, 2007) have provided dates on the mineralisation of other deposits and volcanics
in the Cobar Basin and the Central Lachlan Orogen.

5.1.1

Dating Procedure

The U-Pb isotopic data in Table 5.1, Table 5.2, Table 5.3 and Table 5.4 were acquired using
the SHRIMP II instrument at the Research School of Earth Sciences at the Australian
National University (RSES, ANU) (Figure 5.1). For calibration of 206Pb/238U, Temora
(417Ma) zircons were mounted to the same epoxy resin mounts as a control and measured
intermittently with the unknown zircons. Choice of analytical sites was based on
cathodoluminesence (CL) imaging. Procedures for analysis of zircons followed the
procedures outlined in 1.4.4.

5.2

Previous geochronology of the Cobar Basin

Regardless of the extensive amount of research undertaken to establish a timeline for the
formation of the Cobar Basin and its mineral deposits, there is very sparse published zircon
U-Pb data for the Cobar region let alone the Central Lachlan Orogen (Bull et al., 2008). The
volcanic rich Canbelego-Mineral Hill belt of the Kopyje shelf on which the Pipeline Ridge
deposit resides has been interpreted to have been initiated around the Silurian Devonian
boundary (Glen, 1990), which poses a question concerning correlation of the volcanic pile at
Pipeline Ridge and its association with the initiation of the Canbelego-Mineral Hill Belt. The
Florida volcanics situated the Canbelego-Mineral Hill Belt have yielded a U-Pb zircon age of
421.7±2.3 Ma (Black, 2005). In the same unpublished work for NSW government geological
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survey projects, Black presented a U-Pb zircon age of 417.6±3.0 Ma for the Queen Bee
Porphyry showing that it significantly younger than the Florida Volcanics. However, both
Florida volcanics and Queen Bee porphyry contain inherited zircon of similar ages; from
~470-1050 Ma and ~460-1000 Ma respectively. Black (2005) noted that whilst not well
documented, these dates showed similar patterns to the inheritance ages revealed in the
Cargelligo district to the south.

Intrusive components from the Nurri and Amphitheatre groups (
Figure 1.2), formed between 418 Ma and 440 Ma (Stegman, 2001). Unpublished dates from
(Black, 2007) have revealed that some volcanics throughout the area show Late Silurian ages
with the Boolahbone Granite and Yellow mountain Granite of the Nymagee region having
very similar ages of 420.0±2.5Ma and 420.6±2.8Ma. The Erimeran Granite has an age of
427.1±2.4Ma. Further North in the Cobar region, zircon dating showed that the Peak
Rhyolite has an age of ~430 Ma (Perkins et al., 1994) whilst (Black, 2007) obtained an age of
423.2±3.5Ma for this unit. Black summarises that these more recent data, when combined
with previous dating sessions(Black, 2005; Black, 2006), suggests a continuum of igneous
activity over the these regions spanning up to 17 million years (including the Bourke region
volcanics to the north).

Bull et al, (2008) presented U-Pb zircon dates for a range of volcanic units from the Ural
Volcanics and Mt Hope Volcanics. These two volcanic assemblages of the southern portion
of the Cobar Superbasin (Mt Hope and Rast troughs), revealed mean ages of 421 + 2 Ma for
the Ural Volcanics and 411 + 4 Ma for the Mt Hope Volcanics. Bull et al, (2008) suggests
that these results are indistinguishable from each other when their 2σ error bar uncertainties
are considered. Bull et al, (2008) also infer that the architecture of both volcanic units do not
support such a long period of emplacement. The Mt Hope Volcanics may have a marginally
younger age than the Ural Volcanics because they underwent higher grade metamorphism
which might have promoted minor loss of radiogenic Pb. Thus it can be inferred that the Mt
Hope and Ural Volcanics can be included in what appears to be a period of up to 17 Ma of
felsic volcanism throughout the northern section of the Central Lachlan Orogen.
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There are no zircon U-Pb ages on the volcanic pile (labeled the Sarona Downs Tuff Member).
NSW Government maps indicate that fossil assemblages have been used to infer the
Devonian age for this member (Downes, P. for NSW Gov., 2011; Torrey, C. 2005) (Figure
2.5).

5.3

Radiometric dating

Radioactive decay is the spontaneous breakdown of an unstable isotope (parent isotope)
through a chain of intermediate unstable isotopes to a stable isotope (known as the daughter
isotope). The probability that a nucleus of a given unstable isotope will decay at any given
time is constant, therefore the amount of decaying nuclei is relative to the number of original
isotopes present. As summarised by Williams (1998), the number of daughter atoms (D)
produced after a period of time (t) from an original number of radioactive parent atoms (Po) is
given by;
{D = Po (1 - e-t )}
Where is the decay constant for the isotope concerned. This can then be rearranged to an
equation in terms of the ratio of daughter to parent nuclei;
{D/P = et – 1}
When using radioisotopes to determine dates, only relatively few natural radioisotopes are
able to be utilised for geochronology as the length of the half-life has to be appropriate for the
geological process being studied. The relationship between the half-life and decay constant
can be expressed as;
{T(1/2) = (ln2)/
Some common radioisotopes currently used in dating include;
40

K decays to 40Ar (and 40Ca) half-life 1.25 x 109 yr.

87

Rb decays to 87Sr half-life 48.8 x 109 yr.

238

U decays to 206Pb half-life 4.47 x 109 yr.
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235

U decays to 207Pb half-life 0.704 x 109 yr.

147

Sm decays to 143Nd half-life 106.0 x 109 yr.

5.3.1

Zircon U-Pb dating

U-Pb isotopic dating presents a number of advantages for geochronologists including the
inherent nature of zircons to incorporate uranium into their lattice, whereas Pb is not. The
main advantage however, as summarised by Williams (1998), is the paired system involving
two isotopes of Uranium (235U & 238U) which decay into two corresponding isotopes (207Pb &
206

Pb) with different half-lives. Therefor with time the isotopic ratios of the radiogenic lead

change, providing another independent measure of elapsed time. As a result, comparison of
the two daughter-parent (Pb/U) ratios compared with the Pb isotopic ratio (207Pb/206Pb)
creates an internal check for the consistency of the isotopic system and whether or not the
system has remained closed, and thereby the ages are concordant. Concordances can be
portrayed through the use of the ‘Wetherill’ 207Pb/235U versus 206Pb/238U Concordia plot
((Wetherill, 1956) refined from (Ahrens, 1955)) or the ‘Tera-Wasserburg’ 238U/206Pb versus
207

Pb/206Pb Concordia plot (Tera and Wasserburg, 1972). The ‘Tera-Wasserburg’ plot has the

advantage that 238U, 206Pb 207Pb are measured directly. However the use of the 235U
‘Wetherill’ can be problematic because 235U is not generally measured and is calculated from
238U using the currently accepted modern day 238U/235U ratio. This procedure can introduce
a systematic error ratio into the data; i.e. any error in determining 238U is automatically
propagated to 235U. Therefor the ‘Tera-Wasserburg’ presentation of data is given here
(Ireland, 1995; Williams, 1992).
The use of Zircons (ZrSiO4) is the most commonly used method of uranium-lead isotopic
dating as it holds the most advantages. The development of SHRIMP U-Pb zircon dating
held immediate advantages with the high resolution microprobe being able to analyse
complex geological histories through the in situ dating of the varying growth domains
preserved in the zircons revealed through cathode luminescence imaging (Nutman et al.,
2010). The common growth of zircons during high grade metamorphism and its high
blocking temperatures for U and Pb diffusion (>900oC) provides a source of information on
its metamorphic paragenisis provided that the zircon is not recrystallised (Lee et al., 1997;
Nutman and Friend, 2007).
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5.4

Sampling

Two quarter core samples of rhyolitic volcanic material (GM028 and GM027 of 80 cm and
90 cm respectively) were obtained from half core, HQ diamond drill core. Both samples
where sourced from the same hole (PCN090) from the visibly least altered sections available.
Sample GM027 was retrieved from stratigraphically above the mineralisation and GM028
from below, in order to constrain the age of the host rock. Whilst the samples were both
taken within close proximity to the primary mineralisation, GM028 was somewhat more
altered than sample GM027 and had a much lower yield of zircons. Whilst the units
throughout the deposit show signs of moderate alteration, indicated by low temperature low
temperature minerals such as sericite and siderite suggests lower levels of epithermal
alteration and hence less possibility of recrystallisation with loss of radiogenic Pb to give
younger apparent ages suggest lower levels of epithermal alteration. However, because these
samples are proximal to a base metal deposit with significant concentrations of lead, some
significant amounts of common Pb were detected in some analyses, probably located in the
micro fractures of the zircons.
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Figure 5.1: Photo of ANU SHRIMP II. Prof Allen Nutman of the UOW for scale.
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Figure 5.2 Schematic diagram of the SHRIMP II ion microprobe. Adapted from Williams (1998)

5.5
5.5.1

Results
Zircon petrography

Cathodoluminesence imaging of zircons reveals more internal structure than viewing by
optical microscopy (Corfu et al., 2003). Some zircons display older variably recrystallised
cores within a mantle of oscillatory zoned zircons, Figure 5.3. Some cores showing the least
recrystallisation were analysed. The outer portions/mantles of grains generally show fine
scale oscillatory zoning parallel to the zircon exteriors, suggesting a magmatic origin, and
that they should give the age of volcanism. None the less, these portions of the grains are still
affected by recrystallisation and traversed by microfractures. Cathodoluminesence images
and dates for the zircons are displayed in Appendix III.

Zircons gathered from both samples above and below the primary mineralisation averaged 50
– 100 µm however a few zircons ranged up to 200 µm. For both samples the aspect ratio
averages around 2:1 as can be seen in Figure 5.3. A majority of zircons present a euhedral
habit with ends generally showing faceted edges whilst along the length of the grains the
margins tend to be straighter. Majority of crystals with recrystallised cores exhibit exterior
habits inherited from the habit of their nuclei. Instances of fractures and imperfections in the
zircon crystals not revealed by the cathodoluminesence imaging were able to be observed on
the reflective light imagery displayed on the monitor of the SHRIMP II control unit.
Fractures and divots in the surfaces of the zircons represented weak spots in the crystals
prone to contamination from common lead throughout the deposit. Precise imagery and
targeting of the SHRIMP II allowed the potentially contaminated zones to be avoided during
analysis.
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Figure 5.3: Ages and cathodoluminesence images of final zircons from
GM0027 above the mineralisation after both first and second pass
filters were applied.
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Figure 5.4: Ages and cathodoluminesence images of final zircons from
GM0028 below the mineralisation after both first and second pass
filters were applied.

5.5.2

U-Pb-Th data

The reported ages for the younger zircon rims are derived from the 206Pb/238 ages with the
calibration error based on the 14 Temora analyses at 1.4%. Tera-Wasserburg and cumulative
Gaussian distribution plots are presented in Figure 5.8. The large amount of galena in the
Pipeline Ridge deposit has led to an overall high Pb content in the neighboring host rocks.
Thus zircon microfractures are domains of high common Pb, as indicated by high 204Pb
counts and thus ‘f206’ in some analyses. Due to the problem, the isotopic composition of
Cobar Pb (Cumming and Richards, 1975) was used to correct the Pb-Pb calibrated U-Pb
ratios for common Pb.

GM027- Above the mineralisation
GM027 zircons produced a spread of ages beyond analytical error. Most have close to
concordant U-Pb ages, and these display clusters of ages at around 425 Ma. Analyses of the
cores are the oldest and reflect older crystal components assimilated into the magma. The
first pass in filtering the data was to exclude any results with calculated inherited lead
percentages >10% removing a large extent of samples off concordia with significant error
margins (f206 are lead common lead ratio’s, Appendix III). Data from zircon cores were also
excluded during the first pass filter. Results from the first pass filter yielded a weighted mean
206

Pb/238U age of 426.0 ± 5.3 Ma at 95% confidence and a MSWD of 0.42. A second pass

filter was used to process the data and remove data from results with >3% common lead.
Results from the second filter gave a yielded a weighted mean 206Pb/238U age of 425.5 Ma ±
5.8 at 95% confidence and a MSWD of 0.47%. The data from the second pass made very
minimal change compared to the first pass indicating the use of an appropriate common Pb
composition in correcting the data. As a result the ages obtained from the first pass are used
for the age of the zircons. Samples PR-1.1 to PR-9.2 and PR-18.1 to PR-45.1 are zircon
extracted from GM027 from above the primary mineralisation zone.

Three zircon analyses (PR-39.1, PR-40.1 and PR-42.1) remained outliers due to their
apparent older ages even though they were targeted at the oscillatory rims. The analyses
neither plot to concordia nor do they coincide with analyses significantly lower age as a result
of high levels of common lead. Whilst they did show levels of common lead which required
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filtering in the first and second pass, the presence of contaminant common lead is a source of
error causing younger ages not older ages. This indicates a possible different source for these
zircons. However analysis contamination is suggested to have occurred by analysing
portions of the inherited cores along with the magmatic zircon mantles creating a composite
analysis.

GM028- Below the mineralisation

Samples PR-10.1 → PR-17.1 are zircon samples extracted from GM028 below the
mineralisation. A first pass filter was applied to the data excluding all data from zircons with
a common lead content of >10% and the data from zircon cores inherited in the melt. Of the
small number of zircons available for analysis, errors caused by correction for large contents
of inherited lead resulted in only two core samples and two rim samples plotting to concordia.
The first pass on rim analyses revealed 3 dates useable with a weighted mean 206Pb/238U age
of 413 ± 13 Ma at 95% confidence and a MSWD of 1.01. This first pass revealed one outlier
with an age of 405 ± 9Ma (Appendix III), as such a second pass filter excluding analyses with
common lead ratios of >3%. Two zircon rims gave a weighted mean 206Pb/238U age of 419 ±
19 Ma at 95% confidence and a MSWD of 1.01. This age is within error of that obtained
from magmatic zircons in GM027. As in GM027, core analyses were excluded by the first
pass filtering of the data but were then used to gain an impression of the ages of inherited
crustal components. These cores of two GM028 zircons plot to concordia with some of those
seen in GM027, with ages of 478 ± 24 Ma and 497 ± 12 Ma (Table 5.4).
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Labels

U/ppm

Th/ppm

Th/U

f206

207Pb/206Pb

± 7/6

238U/206Pb

± 38/6

AGE 6/38

± age6/38

PR-1.1

672

89

0.13

0.002

0.0554

0.0005

14.821

0.391

421

11

PR-2.1

656

104

0.16

0.002

0.0556

0.0006

14.525

0.395

429

11

PR-6.1

642

122

0.19

0.001

0.0546

0.0006

14.430

0.342

432

10

PR-8.1

654

389

0.59

0.031

0.0560

0.0023

15.481

0.543

404

14

PR-19.1

482

57

0.12

0.002

0.0533

0.0011

14.524

0.286

429

8

PR-30.1

963

186

0.19

0.011

0.0552

0.0019

14.493

0.320

430

9

PR-31.1

608

153

0.25

0.003

0.0555

0.0009

14.810

0.397

421

11

PR-32.1

685

269

0.39

0.017

0.0534

0.0019

14.176

0.509

439

15

PR-33.1

560

107

0.19

0.011

0.0563

0.0019

14.762

0.295

423

8

PR-34.1

727

107

0.15

0.010

0.0542

0.0025

14.657

0.440

425

12

PR-37.1

693

145

0.21

0.015

0.0551

0.0018

14.633

0.283

426

8

Table 5.1: GM027 Zircon rim geochronology data

Labels

U/ppm

Th/ppm

Th/U

f206

207Pb/206Pb

± 7/6

238U/206Pb

± 38/6

AGE 6/38

± age6/38

PR-10.1

439

120

0.27

0.001

0.0541

0.0012

15.058

0.670

414

18

PR-17.1

844

140

0.17

0.004

0.0556

0.0008

14.642

0.405

426

11

Table 5.2: GM028 Zircon rim geochronology data
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Labels

U/ppm

Th/ppm Th/U f206

207Pb/206Pb ± 7/6

238U/206Pb ± 38/6

AGE 6/38

± age6/38

AGE 7/6

± age7/6

PR-5.1

703

448

0.64

0.030

0.0575

0.0021

11.972

0.429

517

18

PR-7.1

411

95

0.23

0.041

0.0837

0.0031

5.866

0.130

1286

73

PR-9.1

803

30

0.04

0.008

0.0591

0.0059

13.249

0.284

PR-9.2

473

82

0.17

0.000

0.1619

0.0015

2.161

0.063

2475

15

PR-45.1

220

74

0.34

0.001

0.0730

0.0017

5.746

0.235

1012

47

469

10

Table 5.3: GM027 Zircon core geochronology data

Labels

U/ppm

Th/ppm

Th/U

f206

207Pb/206Pb

± 7/6

238U/206Pb

± 38/6

AGE 6/38

± age6/38

PR-14.1

427

295

0.69

0.001

0.0565

0.0008

12.980

0.661

478

24

PR-16.1

363

131

0.36

0.002

0.0551

0.0020

12.472

0.325

497

12

Table 5.4: GM028 Zircon core geochronology data

N.B. F206= portion of pb206 that is in common lead (i.e. not uranogenic origin)
Weighted means have been calculated from the 206pb/238u ages shown.
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5.6

Interpretation

GM027 showed a common feature on a majority of the analysed zircons with consistent weak
to strong oscillatory zoning around the outer sections of the zircons being characteristic
patterns displayed by magmaticaly produced recrystallised zircons (Corfu et al., 2003; Tang
et al., 2012). As such, zircons are implied to have formed primarily from magma growth as
opposed to hydrothermal and/or metamorphic events. The inherited core zircons throughout
the sample show a heterogeneous structure in cathodoluminesence imagery and in some cases
showing multiple generations of cores. Notably, all of the inherited zircon cores displayed
higher luminescence intensity cores compared to their lower intensity oscillatory rims,
characteristic of low-U cores being surrounded by high-U rims (Corfu et al., 2003; Nutman
and Friend, 2007). Trends in the textural characteristics of the zircon cores include; multiply
resorbed and recrystallised zircon cores; some cores display internally uniform texture (e.g.
PR-1.1 & PR-9.2) suggesting formation in a very slow and complex crystallisation of a
magma body with a prolonged residence in the lower crust (Corfu et al., 2003). Some cores
have also exhibit metamict recrystallisation as a result of distinct differences in core and rim
resulting in differential metamictisation expanding the high-U part of the zircon and
transforming the textural nature of the zircon (e.g. PR-8.1).

Zircons in both GM028 and GM027 have similar internal structures. Almost every zircon
exhibited an oscillatory rim of higher-U compared to lower-U centres indicative of magmatic
production. Only one zircon displayed a high-U core of notably darker luminescence than its
rim. Sourcing of zircon cores is indicated to have come from previous, slowly crystallising
volcanic rocks (Corfu et al., 2003). Whilst the general trend in zircon textural characteristics
shows similarities to those of the sample from above the mineralisation, significantly smaller
zircon numbers makes comparative analyses of zircon somewhat harder and the date of this
sample cannot be confirmed with as much confidence as GM028. Regardless the differences
in the numbers of zircon retrieved from samples and differences in error margins, zircons
from both samples plotting to concordia infers that it is safe to interpret that both sample were
produced during the same magmatic event that deposited the volcanic pile at Pipeline Ridge
over a period of time.
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Previous dates interpreted the Sarona Downes Tuff member to be Devonian age (based on
fossil assemblages). The uncertainties on the magmatic ages for the rhyolites indicate
uppermost Silurian as most likely, but a basal Devonian age still possible (Silurian-Devonian
boundary at 419.2 Ma; Gradstein et al, (2012)). Comparison of this new age reveals a
correspondence with the volcanic units throughout the Cobar Basin appearing within the 17
million year volcanic activity proposed by (Black, 2007). The cores are all sourced from
‘Gondwanan’ early Paleozoic to Neo-Proterozoic sources. Implications of the timing of
formation of the Sarona Downes tuff member compared to volcanics of the Central Lachlan
Orogen and the formation of the Cobar Basin are further discussed in detail in Chapter
Error! Reference source not found..

Pipeline Ridge

426.0±5.3 Ma (This study)

Florida Volcanics

421.7±2.3 Ma (Black, 2005)

Queen Bee Porphyry

417.6±3.0 Ma (Black, 2005)

Boolahbone Granite

420.0±2.5 Ma (Black, 2007)

Yellow Mountain Granite

420.6±2.8 Ma (Black, 2007)

Erimeran Granite

427.1±2.4 Ma (Black, 2007)

Peak Rhyolite

423.2±3.5 Ma (Black, 2007)

Table 5.5; Zircon dates of volcanics in the Cobar region
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Figure 5.5: Tera-Wasserburg plot of zircon ages for sample GM027, excluding core ages > 600 Ma

Figure 5.6: Tera-Wasserburg plot of zircon ages for sample GM027, including all zircon core ages.
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Figure 5.8: Cumulative Gaussian plot of zircon ages for GM027 excluding those < 400 Ma and > 530 Ma.

Figure 5.7: Tera-Wasserburg plot of zircon ages for sample GM028, including zircon core ages.
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6 Geochemistry and whole rock
chemistry
6.1

Introduction

Geochemical classification of rocks and magmas can be a time consuming process and so a
suite of graphs and classification systems have been produced to simplify the classification
process. Classification plots such as Spider diagrams, Harker plots and geological
classification diagrams provide methods of determining the mechanics which drive the
earth’s geological phenomena and are recognised as important tools for the recognition of
trends within magma and igneous volcanic suites (Gill, 2010). In retrospect, the data and
knowledge that can be obtained from observations made on igneous rocks being formed in
current tectonic settings are only microscopic compared to the information preserved today in
the earth’s geological history. As such, data simplified to diagrams and multiplicative plots
provide an invaluable tool for hypothesising the earth’s geological mechanics and have been
in use for a long time as a means of fingerprinting the tectonic setting of volcanic rocks
(Pearce, 1984).

Until recently the geochemical characteristics of volcanic rocks in the central Lachlan Orogen
have been poorly constrained with geochemical classification programs aiming primarily on
the intrusive igneous rocks of the Eastern Lachlan Orogen. Regional mapping studies of the
characteristic extensional sedimentary basins throughout the Central Lachlan Orogen have
been carried out (Felton et al., 1983; Pogson, 1967; Scheibner, 1987) however, very little
detail has been provided on the character, geochemical classification and settings of these
rocks (Bull et al., 2008).

This chapter focusses on utilising the geochemical data extracted from samples from the
Pipeline Ridge in order to examine the true nature behind the formation of the host rock.
This chapter implements geochemical classification on trace element data extracted through
the use of X-Ray Fluorescence (XRF), combined with the data extracted from petrographical
analysis in Chapter 4 to identify the geochemical processes and depositional setting of the
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volcanic pile. High concentrations of base metal sulfides throughout the volcanic pile (as
will be seen in XRF trace results) resulted in no major elemental geochemistry analyses. As
such, trace element analysis therefore forms the basis of this chapter and analysis utilises a
range of discriminatory plots. Some major elemental data is used for analysis but is minimal
due to the nature of contamination in hydrothermal alteration and because data for major
elemental analysis was performed by handheld XRF.

The final portion of this chapter will then focus on analysing the data extracted with the help
of results in previous sections, and comparisons to previous studies on volcanics of the
Lachlan Orogen.

6.2

Sampling

Of the twenty eight samples processed into thin sections, fifteen of were selected according to
their overall representation of rock type and spacing throughout the hole (Appendix I). The
samples were selected based on low abundance of quartz veins and best representative host
rock samples so as to get the best indication of the host rock’s geochemical history with
minimal interference of hydrothermal alteration and possibly minimal sulfides. The samples
were selected using both observation of hand specimens and thin section analysis to examine
the extent of silicic alteration. The samples were then processed analysed according to 1.4.4.

6.3

Primary Rock Nomenclature

Over time, our understanding of geology has progressively expanded and over time we have
continuously attempted to produce a classification scheme to apply to igneous rocks. In the
1960’s, the International Union of Geological Sciences (IUGS) formed the Sub-commission
on the Systematics of Igneous rocks with the latest version of this classification published by
Le Maitre (2002). The IUGS Total Alkali versus Silica (TAS) system for the classification of
rocks devised a series of classification systems for rocks based on percentages of mineral
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content. The IUGS Total Alkali versus Silica (TAS) diagram and Cross, Iddings, Pirsson and
Washington (CIPW) normalised classifications represent the two most common methods of
igneous rock classification (Gill, 2010). However, the nature of the minerals involved make
these techniques unsuitable for analysis of rocks which have experienced any form of
metamorphism, alteration or weathering (Hastie et al., 2007; Winchester and Floyd, 1977).

The Pipeline Ridge deposit is thought to consist of an array of selectively altered and
unsorted crystal/vitric and lithic tuffs from a coarsely quartz porphyritic acidic volcanic
source (Barron, 2012; Nesbitt, 1976). Whilst the host rocks remain rather similar in nature,
interpretation of lithologies has seen the inclusion of what has been labeled rhyolitic
volcanics or intrusives (Figure 1.4 however was not observed in the petrographical study).
These units have generally experienced moderate to high levels of deformation and alteration
with the major periods of subsequent orogenic activity that is the inversion of the Cobar
Basin and the hydrothermal concentration of fluids in forming the deposit. As such, this
study implements the use of immobile element proxies to derive the primary rock
nomenclature desired. This process of immobile element geochemical classification is
required for this study as immobile elements are regarded to remain contained within the host
rock during metamorphism, alteration and hydrothermal fluid flow (Gill, 2010; Rollinson,
1993).

Elements classified as trace elements used in trace elemental analysis can be split into two
categories: incompatible elements (also known as hygromagmatophiles) which consistently
favor the melt in preference to coexisting mineral crystals, and compatible elements which
favor incorporation into mineral crystals rather than remain in melt (Gill, 2010; Rollinson,
1993). Incompatible element behavior is attributed to the ionic radii of these elements being
too large to be comfortably included in mineral crystal lattices and hence melt is preferred
(Goldschmidt, 1937). Immobile elements which remain during hydrothermal alteration and
fluid flow incorporate the high field-strength elements from the rare earth element group
(REE) including Sc, Y, Th, Zr, Hf, Ti, Nb, Ta, and P (Pearce, 1983) as well as the transition
metals Co, Ni, V, and Cr which tend to be immobile (Rollinson, 1993).
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Over the history of geochemical analysis, many classification schemes have been developed.
However, no single system has provided a basis for all geochemical results and, as a result,
an array of trace element discrimination diagrams have been used for fingerprinting tectonic
settings for volcanic rocks ((Hastie et al., 2007; Pearce, 1984) and cited references). Some of
the most commonly used classification diagrams for trace elemental analysis are those
developed by Pearce (1984, 1996) and the classical spider diagram developed and modified
by Sun & McDonough (1989).

6.3.1

Rhyolites

A range of natural magma compositions can be expressed using the total alkali versus silica
diagram (TAS) which plot a relative continuum of primitive to evolved magmas with a
transition from left to right respectively. Magma points on the more evolved scale of the
TAS can be divided into rhyolite, dacite and andesite. Rhyolite is the inferred evolved
magma in this study (Petro). The simplest definition of a rhyolite (as defined by Gill, (2010)
is a leucocratic igneous rock consisting of essentially quartz, alkali feldspar (usually as
phenocrysts) in a glassy or crystalline groundmass. Evolved magma rhyolites are not solely
restricted to one form of tectonic setting. Presences of evolved magmas are known to occur
in settings such as immature intra-oceanic island arcs, however, abundance is dominated by
presences in mature island arc and continental arc subduction zones suggesting sialic
continental crust is a strong influence on the abundance of evolved magmas (Bachmann and
Bergantz, 2008; Gill, 2010; Winter, 2010).

The main process behind the formation of these evolved magmas, including highly explosive
rhyolites, is the extraction of viscous melts from solid residues (Bachmann and Bergantz,
2008; Cox et al., 1988; Winter, 2010). This process of extraction predominantly happens in
two situations; in partial melting zones within the crust and long-lived crystallising mush
zones fed by mafic to intermediate magmas (Bachmann and Bergantz, 2008). Depending on
the main melting process in the mantle, two end-member differentiation trends occur; a dry
lineage leading to hot-reduced rhyolites and granites in magmatic provinces fuelled by
decompression melting of the mantle, and a wet lineage leading to cold-oxidized rhyolites
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and granites in subduction zones dominated by flux melting of the mantle. Bachmann and
Bergantz (2008) summarise the formation of rhyolites and their mushes in depth. For this
study, geochemical data is comparatively plotted against primitive mantle.

6.3.2

Adakites

The term adakite was first brought into circulation over twenty years ago by Defant and
Drummond (1990) to define the magma’s exhibiting trace element geochemistry consistent
with those deriving their sources from the partial melting of subducting slabs of oceanic
lithosphere and deriving their name from the trace element characteristic; Adak Island
andesite first identified by Kay (1978). This identification of adakites are said to have
enhanced our knowledge of the fate of oceanic slab after subduction and hence the issues
surrounding convergent margin crustal cycling (Castillo, 2006). Regardless of the confusion
and various definitions surrounding the term adakite, they remain a prominent source of data
which help to shape our understanding of subduction zone geochemistry and recycling
processes which lead to crustal evolution and economic mineralisation (Mungall, 2002;
Thiéblemont et al., 1997).

Original definitions refined adakite locations to convergent margins where residual heat in
subducted slabs remained a catalyst for formation of adakites, however, later proposals
suggested occurrences in other arc settings with unusual tectonic conditions producing melts
of similar characteristics (Castillo, 2006; Luchitskaya, 2005). As such, adakite does not refer
to one single rock type but a range of volcanic and plutonic rocks with a range of chemical
characteristics from MgO poor pristine slab melts (Defant and Drummond, 1990) to
somewhat MgO richer andesites produced from equilibration of slab melts with mantle
peridotite (Kay, 1978) and, finally, magnesian andesites proposed to have formed from the
peridotite mantle metasomatised by slab melt (Martin et al., 2004).
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Currently, the term adakite encompasses a range of arc rocks from pristine slab melt to
adakite-peridotite hybrid melt, to melt derived from peridotite, metasomatised by slab melt,
and thus has been defined almost exclusively by its chemistry. Primary identification
techniques include Sr/Y and La/Yb ratios along with low Y and Yb contents and hence Sr/Y
ratio vs. Y concentration and La/Yb ratio vs. La concentration diagrams provide a universal
tool for their identification defining distinct fields for adakite definition. Whilst the
geochemical characteristics are only outlined in this paper (Table 6.1) as defined by (Castillo,
2006), a summary of the development of definitions of adakites and a more in-depth
explanation of their geochemical characteristics and geological settings can be found in
Castillo’s summary.
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Characteristics

Possible links to subducted slab melting

High SiO2 (≥56 wt %)

High-P melting of eclogite/garnet amphibolite

High Al2O3 (≥15 wt %) at ~ 70 wt %

High P partial melting of eclogite or amphibolite

SiO2
Low MgO (< 3 wt %) and low Ni and

If primary melt, not derived from a mantle peridotite

Cr
High Sr (> 300 ppm)

Melting of plagioclase or absence of plagioclase in the
residue

No Eu anomaly

Either minor plagioclase residue or source basalt
depleted in Eu

Low Y (< 15 ppm)

Indicative of garnet (to a lesser extent, of hornblende
or clinopyroxene) as a residual or liquidus phase

High Sr/Y (> 20)

Higher than that produced by normal crystal
fractionation; indicative of garnet and amphibole as a
residual phase or liquidus phase

Low Yb (< 1.9 ppm)

Meaning low HREE; indicative of garnet as a residual
or liquidus phase

High La/Yb ( > 20)

LREE enriched relative to HREE; indicative of garnet
as a residual or liquidus phase

Low HFSE's (Nb, Ta)

As in most arc lavas; Ti-phase or hornblende in the
source

Low 87Sr/86Sr( < 0.704)

Plus low 206Pb/204Pb, K/La, Rb/La, Ba/La and high
143

Nd/144Nd; normal-MORB signature

Table 6.1: Adakite characteristics as outlined by Castillo (2006)
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6.4

Results

Analysis of trace element data from various sections throughout the volcanic pile showed an
array of chemical trends to be interpreted. Initial petrographical analyses provide a
classification in all probability for the host rock to be a porphyritic, acidic, tuffaceous igneous
rock, hypothesised to be a rhyolite. Contamination due to hydrothermal alteration inhibited
use of major element data in classification plots. As discussed by Pearce (1984), Rb, Y and
Nb are likely to be the most effective elements for the discrimination of volcanic rock,
primarily granites, but are also applicable in this study. As such, these three immobile
elements are a key factor in the determination of the nature of the geological setting involved
in the evolution of the volcanic pile. XRF trace element analysis results are listed in tables in
Appendix IV.
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Figure 6.1: Multiple plot of Nb vs. Rb, Sr, Y, Zr, La, Ce. Clear trends can be seen throughout the plots with general decreases of Nb accompanied
by decreases in the corresponding trace elements.

96 | P a g e

Figure 6.1 shows multiple plots of Nb vs. a series of immobile elements including those
deemed most suitable for evolved volcanic rock analysis (Gill, 2010; Pearce 1984). A clear
trend can be observed throughout the plots with a decrease in Nb constantly accompanied by
a decrease in the corresponding trace element. This could represent an increase in the
evolution of the magma corresponding with depth in the hole. It could also represent the
flushing of large portions of the volcanic pile with circulating hydrothermal fluids. The latter
is interpreted to be the cause. An overall decrease in trace element concentrations may arise
with large increases in added major elements, such as silica in quartz, creating a dilution
effect (Pearce, 1984). Increasing magma evolution on the other hand would correspond to
increases in some trace elements as well as a decreases of others with crystal fractionations
causing concentrations in either the melt or crystal structure.

Figure 6.2: Multiple plot of Nb vs. Zr. Arrow shows the clear trend of decreasing Nb
accompanied by decreasing Zr as a result of dilution as a result of hydrothermal fluid influx.
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The effects of hydrothermal alteration and supergene alteration on the discriminant diagrams
are known to have a substantial effect on classifications. Rb enrichment is likely to occur in
K-silicate and sericitic alteration due to growth of secondary muscovite and biotite whilst
depletions are likely a consequence of chloritisation and argillic alteration breaking down
feldspars and micas (Pearce, 1984). By comparison, Y and Nb are observed to be reduced
during hydrothermal alteration with dilution lowering their concentration. However,
chloritisation sees inclusion of Y into the chlorite structure and as such can cause slight
increases in Y content (Pearce, 1984).

Regardless, it is evident that hydrothermal alteration has had a substantial effect on
concentrations of trace elements in the Pipeline Ridge host rock. Overall decreases in trace
elemental concentrations away from the least altered sections of core (GM009 and GM011
being the furthest from the main gold mineralisation zone, both showing the least alteration
and highest concentrations of Rb, Nb and Y) suggest a trend of decreasing trace element
concentrations with increasing levels of alteration. It is unclear if this is a result of flushing
or dilution with no obvious trends in handheld XRF majors coinciding with trace elemental
fluctuations.
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Figure 6.3: Samples plotted on Pearce's modification of the original Nb/Y versus Zr/TiO2 plot by

Winchester and Floyd, (1990). Two obvious groupings can be seen with a vast majority plotting
in the low Zr/Ti basaltic classification.
The suite of geochemical samples were plotted on the Nb/Y versus Zr/Ti classification
diagram of Pearce (1996) modified from the original Nb/Y versus Zr/TiO2 of Winchester and
Floyd (1977). Figure 6.3: Samples plotted on Pearce's modification of the original Nb/Y
versus Zr/TiO2 plot by Winchester and Floyd, (1990). Two obvious groupings can be seen
with a vast majority plotting in the low Zr/Ti basaltic classification. above shows
predominantly all of the samples plotted within the basalt column, contradictory to the results
observed in Chapter 4. This classification, however, carries the main assumption that each
sample was derived from one single igneous source. However this cannot be stated for
certain in almost any situation, let alone for these interlayered volcanoclastics. Ti tends to
concentrate in minerals such as biotite, ilmenite, hornblende and rutile which make it a good
indicator for mafic rocks (Winter 2009; Gill 2010). As none of these minerals were evident
in thin section, explanation for the results may lie in the observation that whilst Ti is
classified as an immobile acting element, it overlaps in a fuzzy boundary of compatible and
incompatible elements (Gill, 2010).
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Ti, as discussed, presents an uncertain nature of mobility. Sample GM009 lies within 5 m of
the least altered section of host rock from the volcanic pile and this sample may have avoided
the direct influence of hydrothermal alteration and Ti concentration. When looking at
GM0024, the alteration level does seem low compared to other sections of the hole yet is not
a convincing explanation considering its depth and proximity to chalcedonic quartz veins
(Appendix II). One other possible explanation is the possibility of rhyolitic intrusives of a
later age, as suggested in Figure 1.4, occurring after the main stage of alteration. Results in
Appendix IV Figure 6.1: Multiple plot of Nb vs. Rb, Sr, Y, Zr, La, Ce. Clear trends can be
seen throughout the plots with general decreases of Nb accompanied by decreases in the
corresponding trace elements.show a lower than normal concentrations of Si and P
accompanying the low Ti concentrations and a possibility of contamination arises from
handheld XRF data of these samples. As a result, these two outliers have been expressed as
red dots for a number of plots and pose a differing source for the samples.

Figure 6.4: Spidergram/spider plot of the trace elements of the volcanic pile, excluding outliers
GM009 & GM024.
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Figure 6.4 is a spider plot (or spidergram) of the predominant samples taken from Pipeline
Ridge (excluding outliers GM009 & GM024) compared to the primitive mantle (Sun and
McDonough, 1989). Clear trends can be seen with high levels of enrichment of Pb compared
to mantle as is to be expected from a Pb-Zn-Cu-Au base metal deposit. Signatures of the
volcanic plot show very strong resemblances to what is described as a ‘crust dominated’
pattern of enrichments and depletions (Pearce, 1984). These ‘crust dominated’ patterns are
used to describe an array within plate granites which display significant enrichments in Rb
and Th relative to Nb and Ta (samples were not analysed for Ta). Crust dominated magmas
are also defined to show significant depletions in Ba, increasing in general abundances from
Yb to Rb and moderate enrichments of Ce and Sm relative to Nb (samples not analysed for
Sm), all of which are trends shown in the spider plot of the volcanic pile’s trace elements.
These trends are attributed to crustal involvement in prolonged exposure in the crust (Harris
et al., 1983). Ti however, shows an unusual characteristic of no significant depletion which
is normally observed in acidic magmas.

101 | P a g e

Figure 6.5: Results plotted into A-type, I-type or S-type granitoid categories from Whelan et al, (1987)
showing clear classifications of A-type granites.
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XRF data obtained throughout the volcanic pile was plotted in an I-type, S-type, A-type
granite classification plot by Whalen et al., (1987) to establish an idea of the nature of the
magmatism involved in the production of the tuff member (Figure 6.5). Onset of regional
extension throughout the Cobar Basin began with the intrusion of a number of Silurian
Granitoids as well as centres of mafic, felsic and bimodal volcanism (David, 2006; Scheibner,
1987). As such, anticipated classification of the volcanic pile would be of I-type or S-type
tectonics, however, plots shows a clear classification of the magmatics to be that of A-type or
anorogenic origin. These results are consistent with works by Bull et al., (2008) with
classifications of the Mt Hope and Rast Trough Volcanics as A-type members. The Ga/Al
ratios (>2.5) are consistently higher than most I-type granites and overlap with A-type
volcanic rocks and intrusives of both the Central and Eastern Lachlan Orogen ((Bull et al.,
2008) and cited references). Classifications in this plot are deemed accurate due to Ga being
one of the most immobile elements (Hastie et al., 2007) and an influence of alteration on Al
would require a dilution of up to 700% to lower Ga/Al ratios to <2.5.

Figure 6.6: Granite tectonic discrimination by Pearce et al, (1984) plot showing classification trends from within
plate granite settings to a majority of samples exhibiting volcanic arc granites and syn collisional granites.
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The granite tectonic discrimination plot utilises the three most tectonically discriminating
immobile trace elements (Rb, Y (or Yb) and Nb (or Ta)) (Pearce, 1984). However, these are
restricted as such, to 'normal' ocean ridge (OR), within plate (WP), volcanic arc (VA) and
syn-collision (syn-COL) granite groups. One problem arises as alteration, crystal
accumulation, and contamination can have a significant effect on classifications with dilution
due to contamination, alteration or crystal fractionation (e.g. plagioclase) causing WP and OR
igneous rocks to be miss-classified (Pearce, 1984). This is inferred to have resulted in plots
of Figure 6.6 showing trends from one WPG down into the VAG segment. Dilution of Rb, Y
and Nb is inferred to have resulted in movement of WPG into VAG classification, however,
Rb dilution has been countered by Rb-enrichment as a likely result of growth of secondary
muscovite in K-silicic and sericitic alteration (Pearce, 1984).

Figure 6.7: Plot of Co-Th by Hastie et al, (2007) to determine the original host rock type for
altered volcanic rocks.
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The final plot of Co-Th as developed by (Hastie et al., 2007) to provides a potentially useful
plot for classifying altered volcanics. However, tests were used on an array of volcanic arc
lavas with an 80% success rate and thus use for volcanic rocks of other tectonic settings is
unknown. The plot uses Th as a proxy for K2O and Co as a proxy for SiO2 with Co
decreasing with Si content (Hastie et al., 2007). Figure 6.7 shows plotted results coinciding
with the observation in Chapter 4 that the original host rock was a highly evolved magma of
high silica content in the high alkali series. The plot distinguishes the host rocks to be
basaltic andesites/andesites and dacite/rhyolites with only one plotting in the calc-alkaline
series and the rest plotting in the high-K, calc alkaline and shoshonite series. Whilst
classification plots coincide with the expectations from Chapter 4, the accuracy of this plot
remains speculative with original purposes of the plot being for classification of altered
volcanic island arc rocks and the exact effects of the hydrothermal alteration are unknown.

6.1 Interpretation
The geochemical evidence combined with the petrographical evidence of Chapter 4 suggests
that the array of interlayered crystal/vitric tuffs is of a relatively similar chemistry and
mineralogy. Analysis based only trace elements proves difficult for interpreting
nomenclature of an array of hydrothermally altered acidic volcanics. Hydrothermal alteration
effects on the volcanic are evident with a very distinguishable trend in the concentration of
immobile trace elements throughout the pile. Increasing levels of alteration have caused a
‘dilution’ or removal of trace elements with the least altered portions of the volcanic pile
(identified in Chapter 4) exhibiting the highest concentrations of immobile trace elements.
The effects of hydrothermal alteration on trace element distinguishing plots have been
assessed and taken into account when interpreting other data.

Whilst plotting in different sections of Pearce’s (1984) ‘granite tectonic discrimination’ plot,
classification has been interpreted to have been a result of hydrothermal alteration causing a
migration of the true classifications from the WPG sector to the VAG sector. Plotting of
trace elements on a spidergram reveals a series of enrichments and depletions of an array of
trace elements consistent with those displayed within plate granite (Pearce, 1984). Thus the
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tectonic setting for the entire suite of the samples is interpreted to be a within plate granite
produced from the decompressional melting of rifting continental crust during the extension
(Glen, 1992, 1995; Whalen, 1987). Utilization of the immobile elements Co and Th interpret
the volcanic rocks to be a range of highly evolved rhyolitic volcanics. Those which did not
plot within the high calc-alkaline dacite/rhyolite classification were those samples which
presented as the most altered with closer proximity to the main mineralisation. Thus the
entire suite is interpreted to be of dacite/rhyolite classification with hydrothermal alteration
causing a movement of the more altered samples into the andesite/basaltic andesite
classification.

Immobile elements Nb, Y, Zr and Ti classified the entire suite of tuffs (bar 2) as of basaltic
nature; in contrast to the abundant quartz phenocrysts observed. Ti occupies the fuzzy zone
between immobile and mobile elements with mobility caused by the right conditions (Gill,
2009). The two outlier rhyolitic samples both exhibit the fine grained tuffaceous matrix
(Appendix II). Thus the two outliers cannot be interpreted as later intrusions. Given the
assumption that hydrothermal alteration is the leading cause of high concentrations of Ti, the
entire deposit would have been thought to be affected. Thus it can be deduced that the two
lower Ti concentration samples are sourced from a different volcanic. The possible immobile
nature of Ti and inconsistencies of plots with the basaltic classification in Pearce’s (1987)
modification plot is indicative of the source for the bulk of the samples being the
decompressional melting of underplated basalts ponded at the base of the continental crust
and evolving during the stages of continental extension (Peate, 1997). The other two samples
are interpreted to have been sourced from a decompressional melt of continental crustal
material.

Further implications of the geochemical characteristics of the volcanic pile are discussed in
Chapter 8.
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7 Sulphur Isotope Analysis
7.1

Introduction

Sulphur isotope analysis is a method used to determine the origin of metals and ore bearing
solutions as well as processes involved in ore genesis. Sulphur exists as the fourteenth most
abundant element on Earth and tenth most abundant in the Universe (Seal, 2006). The
presence of sulphur in nearly all natural environments makes sulphur isotopic composition an
important tracer for the interpretation of geological chronology. Different environments (i.e.
reservoirs) contain different chemical characteristics which influence the concentration and
dispersal of varying sulphur isotopes. These ratio variations can provide a large amount of
reliable information on the origin of the sulfur about the cycles and processes it has
experienced (Hoefs, 1987). Whilst providing extensive information on an array of
characteristics, a fundamental problem is commonly encountered because more than one
process commonly occurring in the formation of stable isotope signatures may mimic
signatures of completely different processes (Schmidt Mumm and Wolfgramm, 2002). As
such, geochemical evolution and detailed knowledge of the formation history can provide
vital information to determine the accurate analysis and interpretation of stable sulphur
isotope data.

Isolation of the sulfides from Pipeline Ridge samples, of both massive sulfides associated
with the quartz veins, breccia zones, and disseminated sulfides throughout the volcanoclastics
allows the determination of the origins and processes of the sulfides present. This allows
determination of the nature of the deposit, indicating stable sulfur isotope signatures of VHS
or epithermal nature, or those similar to that of the Cobar-Style deposits. As such, the
following chapter analyses the sulfur isotope data which is generously shared by Peter Downs
of the NSW Government Geological Survey. Information extracted from previous chapters
are utilised to assist in the analysis and interpretation of the data extracted.
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Detailed knowledge of several factors are required in order to accurately determine the
chemical and thermal evolution of the fluid systems on a regional scale (Schmidt Mumm and
Wolfgramm, 2002). These are:


Structural evolution of the basin i.e. sedimentary environments and volcanism if
present



The relationship between the thermal events and the structural events and their
chronology



A relative sequence of diagenesis and the processes in mineral assemblages

As such, detailed petrographic studies and background research have been conducted in this
study in order to help establish a geological context for the formation of the deposit. This
data, as discussed in previous chapters, was used to help determine the evolution of the
sulphides and fluids from which they were sourced.

7.1.1

Analytical methods of sulphur isotope analysis

The conventional method involves gas source mass spectrometry (GSMS) using SO2 or SF6.
However, for much smaller scales within minerals (e.g. pyrite crystal alteration) sampling of
sulphides is by ion microprobe with a precision of 1.5~3% (Eldridge, 1989) and laser
microprobe developed by Kelly & Fallick (1990) with precisions of +/- 1%. sulphur isotope
analysis in this study was performed by Peter Downes of the NSW Government geological
Survey as outlined in 1.4.5 and was generously shared for this analytical study.

7.2

Stable sulphur isotopes in nature and their
reservoirs

There are four stable isotopes of sulphur on earth with highly variable abundances. These
are: 32 S at 95.02%; 33 S at 0.75%; 34 S at 4.21%; and 36 S at 0.02% (MacNamara and Thode,
1950; Rollinson, 1993). A vast array of sulphur bearing species and compounds exist on
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earth with the chemical characteristics of the compound determining their compatibilities in
different scenarios. Natural isotope reservoirs include; meteorites, volcanic rocks of all
compositions, sedimentary rocks, sea water and fresh water (Hoefs, 2004, 2009). Whilst a
vast array of reservoirs exist, three of these present isotopically distinct signatures as
summarised by Rollinson (1993):
(1) Mantle derived sulphurs typically ranging from -3‰ to 3‰ (Chaussidon and
Lorand, 1990)
(2) Sea water sulphur which in present times presents a value of ~20‰ although this
value has seen large fluctuations over time; sulphur signature for sea water around
the time of the Pipeline Ridge volcanic emplacement ranges from ~17-27‰
(Figure 7.1)
(3) Strongly reduced sedimentary sulphur with large negative δ 34 S values.

Figure 7.1: δ 34 S and δ 18O isotope ratios of sea water over the last one billion years. Note the highly
fluctuating values of sulphur between the deposition of the Sarona Downes Tuff member and
Taberabberan Orogeny
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When comparing all sulphur sources, the sulphur isotope ratios are standardised against the
Canon Diablo troilite (CDT) which exhibits a very refined value (0.0-0.6‰) similar to that of
the bulk of the earth. For volcanic sulphur isotope values, the levels can vary remarkably,
with MORB and primitive mantle levels both sitting around 5.0‰ (Chaussidon et al., 1989),
Island arcs showing a more varied set of ratios from -0.2‰ and up to + 20.7‰, granitic rocks
similarly showing a more variable composition from -10.0‰ to 15.0‰ (Coleman, 1977), and
continental crust showing a mean value of 7.0‰ (Chaussidon et al., 1989). However, this
value is for a vast array of rock compositions and only expresses an average value.

7.2.1

Variation of sulphur isotopes in igneous rocks

The behavior of sulphur isotopes in magmatic systems is especially complex as noted by
Hoefs, (2009), as a result of its existence as both sulphides and sulphates in four different
forms: dissolved in the melt, as an immiscible sulphide melt, in a separate gas phase; and in
various sulphate minerals. Igneous rocks comprise of a range of δ34 S values which indicate
processes of extensive fractionation within the melt as outlined by Rollinson (1993).
Fractionations in igneous melts occur in two situations:
1) Fractionation between primary sulphide minerals and sulphur in the order of around 13‰ (Chaussidon et al., 1989)
2) Degassing of SO2 from flows or lavas as a result of changing temperatures and
pressures resulting in degassing of δ34 S rich SO2 gasses (Rollinson, 1993; Sakai et al.,
1982).

7.3

Sulphur isotopes of ore deposits and hydrothermal
systems

Sulfur isotope ratios from sulfides such as pyrite, arsenopyrite, pyrrhotite, galena, sphalerite,
chalcopyrite and an array of other base metal sulfides can all be isolated and analysed in
order to determine their formation and process histories (Bendall et al., 2006; Hoefs, 1987,
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2004, 2009; Ohmoto, 1986; Rollinson, 1993). Founders of modern sulfur isotope
experiments, such as those done by Bendall et al, (2006), have demonstrated the ability of
sulfur isotope analysis via mass spectrometry to provide accurate analysis on the minor
variations in isotope ratios across growth zones in pyrite. Sulfur isotope ratios are relatively
unique depending on their sources. Post depositional factors can also have an influence on
ratios (such as remobilisation) and, similarly, different sources can have similar signatures.
Experiments by Wagner et al., (2004) have shown how isotopes sulfur can provide significant
information about remobilisation and related genesis processes. These sulfur isotope ratios
offer the opportunities to determine various aspects of formation of hydrothermal ore deposits
(Rollinson, 1993), to determine the origin of sulfur sources, to determine the temperature of
formation, to determine water/rock ratios, and to determine the degree of equilibrium
attained. Sulfur isotope ratios thus constrain the mechanism behind ore deposition.
The basic composition of hydrothermal sulfides in a range of deposit settings vary and is
determined by a number of factors; isotopic composition of the original hydrothermal fluid
from which the mineral is deposited, temperature of deposition, chemical composition factors
and species at the time of deposition, including pH and fO2, and the relative amount of the
mineral deposited from the fluid (Hoefs, 2009). The last three factors are relative to the
conditions at the time of deposition whilst the first is relative to the sulfur source. When
looking at magmatic deposit types, magmatic hydrothermal deposit types forming with the
cooling of magma, such as porphyry, have shown the clearest imprint of magmatic water
influences with sulfate and sulfide values occurring between -3-1 ‰ and 8-15 ‰ respectively
(Taylor, 1974). Epithermal deposits, on the other hand, encompass a wide range of
individual hydrothermal deposits which occur at shallow depths and commonly exhibit a low
formation temperature of 150 oC -350 oC (Hoefs, 2009). Notably, one of the fluid
components commonly involved includes meteoric water as well a suit of other hydrothermal
fluids notably discharging different components in different sections of the deposit; not
uncommonly one fluid precipitates sulfides whilst another precipitates carbonates (Ohmoto,
1986). Epithermal deposits, unfortunately, are known to possess a more variable range of
sulfur isotope signatures compared to that of porphyry as a result of lower temperatures (150
o

C -350oC compared to 450 oC -600 oC) and significant levels of both sulfate and sulfide

species (Hoefs, 2009).
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As discussed in multiple works (Hoefs, 1987; Ohmoto, 1986; Ohmoto, 1972), there are a few
major factors controlling sulphur isotope ratios:
1) Temperature causes various fractionations between sulphur bearing minerals
Ohmoto (1972). Two fractionation processes are naturally occurring in sulphur:
kinetic effects in reduction of sulphates in environments of 50 oC, and chemical
reactions involving the various fractionations between sulphates and sulphides
over a range of temperatures (Hoefs, 1987). As such, these combinations of
fractionations between sulphides and sulphates can be utilised to help determine
temperatures (Hoefs, 1987) and this is discussed in the next chapter.
2) Secondly is the prominently discussed sources of sulphur, which can only be
traced on the basis of the isotopic composition on the total sulphur in an ore
deposit (Hoefs, 1987; Ohmoto, 1972). As outlined by Hoefs, (1987):
a. δ34 S values of ~ 0 ‰ should derive their sulphur from igneous sources
b. δ34 S values of ~ 20 ‰ should derive their sulphur from seawater. Values
may vary depending on the time at which the deposit formed (refer to
Figure 7.1).
c. δ34 S values of 5 to 15 ‰ are generally considered to obtain their sulphur
from either the country rocks in which the fluids travel or a combination of
fluid sources from a & b.
3) As outlined in Ohmoto (1972), pH conditions of ore forming fluids play a key role
in determining sulphur ratios of hydrothermal systems as well as proportions of
oxidised and reduced sulphur species present in the fluid.

7.3.1

Sulphur isotope geothermometry

As a result of the recognition of the influences of temperature on sulfur species within a fluid
(Rollinson, 1993) sulfur isotope geothermometry has been well documented for use in
analysing temperatures of formation. This method of thermometry is based on the
equilibrium of sulfur isotope fractionations in co-existing sulfur bearing compounds (base
metal sulfides) (Figure 7.2). At high temperatures (> 400 oC), sulfur exists as predominantly
H2O and SO2 and is presumed to act like ideal gasses at these high temperatures (Ohmoto and
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Rye, 1979). On the contrary, in lower temperature hydrothermal systems (< 350 oC), sulfur
exists predominantly as H2S (Ohmoto and Rye, 1979).

Figure 7.2: Partitioning of 34S between mineral pairs as a function of temperature. Adapted
from Rollinson (1993)
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Figure 7.3 above represents the partitioning of mineral pairs and H2S-SO2 as a function of
temperature which are used in sulfur isotope thermometry. These pairs indicate that the
largest fractionations are between sulfates and sulfides (Rollinson, 1993) and that the larger
the separation of the minerals on the curve, the more accurately the pair of minerals will act
as thermometers (Hoefs, 1987; Ohmoto and Rye, 1979; Rollinson, 1993). Whilst they have
been well documented, studies performed by Ohmoto and Rye have demonstrated (as
discussed previously) that temperature is not the only influence on the sulfur isotope
fractionation ratios. Rather, they have demonstrated that for accurate determinations of
temperature the two minerals must be formed in equilibrium with the ore solution which is
then in turn uniform in temperature and chemical conditions such as pH, and no fractionation
occurred after the precipitation of the mineral. As such, a large range of factors can influence
sulfur isotope ratios and highly variable results are to be expected.
For calculations of temperature, the following data are used:

Table 7.1: Equilibrium isotopic fractionation factors for sulphide minerals in geothermometry.
From Seal (2006).

114 | P a g e

Figure 7.3: Calculating isotope pairs for temperature with sphalerite-galena pairs for example.
From Seal (2006).

7.4

Results

Fifteen sulfur isotope analyses were carried out on the Pipeline Ridge system. The samples
collected and summarised by Peter Downes are presented in the tables below (Table 7.2 &
Table 7.3). Sample locations, descriptions and sulfur isotope ratios were all produced by
Peter Downes. Sulfur isotope ratios for pyrite vary greatly from 4.8 δ34 S ‰ to 14.0 δ34 S
‰ (mean 10.3 δ34 S ‰: 10 analyses). Galena exhibits a slightly more refined range of 7.4
δ34 S ‰ to 10.2 δ34 S ‰ (mean 9.0 δ34 S ‰: 3 analyses). Of the three sulfides,
chalcopyrite showed the smallest variations with a range from 11.4 δ34 S ‰ to 11.7 δ34 S ‰
(mean 11.6 δ34 S ‰: 2 analyses). However, of the fifteen samples taken, only two were
chalcopyrite and three were galena leaving two thirds of the samples consisting of pyrite.
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Sample

MGAE

MGAN

250No

District

Prospect

Location

Description

Mineral

δ34 S
(‰)

PD1

PD2

PD3

PD4

445676

445678

445644

445644

6490177

6490134

6490241

6490241

55 Cobar

55 Cobar

55 Cobar

55 Cobar

Mt Boppy

Mt Boppy

Mt Boppy

Mt Boppy

Pipeline

PCN090 85.91-

Silicified chalcopyrite rich rock with chalcedonic

Ridge

85.94m

quartz blebs, >30% sulphides

Pipeline

PCN094 78.69-

Sulphide-rich filled fracture (chalcopyrite-?galena-

Ridge

78.73m

?sphalerite) in silica sericite altered rock

Pipeline

PCN089 75.46-

Galena filled fracture within a greenish fine grain

Ridge

75.48m

altered (silicified) rock - high Pb zone

Pipeline

PCN089 48.03-

Filled fracture in a pervasively altered rock - the

Ridge

48.08m

fracture has brownish (low Fe) sphalerite adjacent to

Chalcopyrite

11.4

Chalcopyrite

11.7

Galena

7.4

Galena

9.5

Galena

10.2

Pyrite

4.8

Pyrite

7.7

Pyrite

8

Pyrite

8.4

vein walls, then a zone of galena and finally the
centre of the vein is filled with quartz
PD5

445678

6490134

55 Cobar

Mt Boppy

Pipeline

PCN094 92.03-

Banded sulphide filled fracture with pyrite in the

Ridge

92.08m

centre and galena against the vein margin in silicasericite altered felsic rock

PD6

PD7

PD8

445678

445678

445644

6490134

6490134

6490241

55 Cobar

55 Cobar

55 Cobar

Mt Boppy

Mt Boppy

Mt Boppy

Pipeline

PCN094

Pervasively silica-pyrite-sericite altered rock with

Ridge

108.78-108.80m

>30% pyrite

Pipeline

PCN094

Pervasively silica-pyrite-sericite altered rock with

Ridge

135.57-135.61m

>20% pyrite

Pipeline

PCN089

Silica-sericite altered breccia with a matrix of

Ridge

139.66-139.75m

chalcedonic quartz and minor pyrite as veinlets and
disseminations. Host rock is probably a porphyritic
felsic rock

PD9

445644

6490241

55 Cobar

Mt Boppy

Pipeline

PCN089 55.95-

Silicified pyrite-rich rock with chalcedonic quartz

Ridge

56.00m

blebs, >30% sulphides

Table 7.2: Sample locations, descriptions and sulphide ratios collected. Summarised by Peter Downes.
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Sample

MGAE

MGAN

250No

District

Prospect

Location

Description

Mineral

δ34 S (‰)

PD10

445676

6490177

55 Cobar

Mt Boppy

Pipeline

PCN090 82.95-

Symmetrically banded pyrite-chalcedonic quartz

Pyrite

10.8

Ridge

83.00m

filled fracture in silica-sericite altered felsic breccia.

Pyrite

11.7

Pyrite

11.9

Pyrite

12.8

Pyrite

13

Pyrite

14

Samples disseminated (composite sample)
PD11

445676

6490177

55 Cobar

Mt Boppy

Pipeline

PCN090

Pyrite as disseminations and breccia filling in a silica-

Ridge

128.85-128.91m

sericite altered rock (felsic) with late chalcedonic
quartz veins

PD12

445676

6490177

55 Cobar

Mt Boppy

Pipeline

PCN090 92.84-

Silica-sericite altered breccia (felsics?) with a banded

Ridge

92.91m

chalcedonic quartz sulphide filled fracture - sulphides
(mainly pyrite) developed adjacent to the vein wall
whereas quartz dominates the centre of the vein

PD13

445678

6490134

55 Cobar

Mt Boppy

Pipeline

PCN094 92.03-

Banded sulphide filled fracture with pyrite in the

Ridge

92.08m

centre and galena against the vein margin in silicasericite altered felsic rock

PD14

PD15

445644

445678

6490241

6490134

55 Cobar

55 Cobar

Mt Boppy

Mt Boppy

Pipeline

PCN089 45.58-

Weathered pyrite-quartz filled fracture in a

Ridge

45.63m

pervasively silica-sericite altered rock (felsic)

Pipeline

PCN094

Banded pyrite dominant pyrite-quartz filled fracture

Ridge

167.00-167.12m

surrounded by a silica sericite alteration zone that
becomes less intense away from the filled fracture.
Rock is moderately brecciated

Table 7.3: Sample locations, descriptions and sulphide ratios collected. Summarised by Peter Downes.
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From data analysed in Chapter 4, four stages of sulphides are proposed to appear. Stage one
is suggested to be disseminated metamorphic pyrite associated with hydrothermal fluid
influxes. Stage two is interpreted as silicic-pyrite veins infilling fractures and veins. Stage
three is interpreted as the main ore forming phase with carbonates and base metal sulphides
accompanying gold mineralisation. The final phase is suggested to be remobilisation of
sulphides, possibly chalcopyrite, and some alteration and deformation of galena without
proper recrystallisation. Thus galena and chalcopyrite samples are all proposed to have
formed in close conjunction with each other.

Although based on a limited amount of data, it can be deduced that a number of influences
and variations control mineral precipitation. The data suggests a significant spatial variation
in depth and adjacent holes. Hole PCN094 exists as the southernmost hole of the three holes
sampled with a northward progression to PCN090 then PCN089. Comparison between
samples within holes sees a variation in trends with depth. PCN089 δ34 S ‰ values for both
pyrite and galena trend upwards with the lighter signatures at depth. Pyrite samples within
PCN094 show a contradictory trend to those of PCN089 with the two metamorphic pyrite
samples (PD6 & PD7) and the two fracture filling pyrites (PD15 & PD13) both exhibiting
heavier signatures with depth. Similar spatial variations can be seen trending north. Isotope
signatures of the southernmost hole (PCN094) exhibit heavier signatures in chalcopyrite and
galena in comparison to those of PCN089 and PCN090. Similarly, fracture and vein pyrite
signature averages for holes (excluding metamorphic pyrites) show an increasing δ34 S ‰
mean value running north. The pyrite values of the southernmost hole (PCN094) averaged
13.4 δ34 S ‰, PCN090 in the centre averaged 11.5 δ34 S ‰ and the most northerly hole,
(PCN089) averaged 9.8 δ34 S ‰. The differing trends can be attributed to a range of factors
causing the variable sulphur isotope ratios.

Sulphur isotope ratios of the Pipeline Ridge base metal ore were compared and assessed
against a number of ores in the Cobar Basin (Figure 7.4). The signatures of galena and pyrite
showed similarities to all of the signatures displayed by the ores summarised in Stegman
(2001). The more refined signature of chalcopyrite corresponds with two of the Cobar basin
ores; those of Elura and of McKinnons Tank. The two main sources of sulfur of the Cobar
Basin Deposits are interpreted to be the metasediments of the Cobar Supergroup (Lawrie and
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Hinman, 1998) and basinal fluids carrying reduced seawater sulfate (Downes, 2004). With
the overall range of signatures existing between 5 δ34 S ‰ and 15 δ34 S ‰, more than one
sources of sulfur are suggested.

Figure 7.4: Pipeline Ridge ore compared to other ores of Cobar Basin deposits. Adapted from Stegman (2001).
Notably all sulphides show correlation with Cobar Basin deposits.

Sulphur isotope geothermometry was performed on two pairs of sulphides within holes.
Geothermometry calculations for chalcopyrite-galena pairs of PD5-PD2 give a temperature of
349 oC. Geothermometry of pyrite-galena pairs of PD13-PD5 give a temperature of 356 oC.
As such, the temperature of mineralisation calculated suggests the mineral system formed at
temperatures slightly beyond the upper limits for epithermal deposits (50 oC - 350 oC defined
by Pirajno (1992); and 100 oC – 320 oC as defined by White et al, (1995)).
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Previous observations by Nesbitt (1976) suggest somewhat lower temperatures for formation.
Whilst both calculations occurred within 7o C of each other, the temperature reading remains
speculative. Accurate geothermometry relies on a number of assumptions to give accurate
readings as summarised from Seal (2006):

1) Minerals must have formed contemporaneously and in equilibrium with each
other at a single temperature.
2) Subsequent re-equilibration or alteration must not have occurred in either.
3) Pure minerals must be separated for analysis.
4) Temperature dependence of fractionation factors should be known.

The first mineral pair was based on the assumption that the two minerals, from two different
sections of hole PCN094, spaced 20 m apart, were both precipitated from the same sulphide
phase; phase three based on petrographical observations of the main mineralisation zones.
The second pair were both taken from hole PCN094, but were a mineral pair which appear to
have formed in conjunction with each other in a banded sulphide filled fracture with pyrite in
the centre and galena against the vein margin. As such, the first mineral pair is only assumed
to have formed contemporaneously and the second pair, if observations of galena forming
only in phase 3 of sulphide mineralisation are accurate, would have been formed in two
different phases. Thirdly, small triangular cleavage pits are commonly present within galena,
suggesting that galena has undergone some alteration and deformation without complete
recrystallisation during later tectonic events (Downes, 2007). Whilst many factors remain
uncertain, the signature of the presumed coexisting sulphides conform with demonstrations
by Ohmoto & Rye (1979) that isotopic fractionation for coexisting sulphides should follow
the order 34 S ‰ pyrite > 34 S ‰ sphalerite > 34 S ‰ chalcopyrite > 34 S ‰ galena.
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7.5

Interpretation

The presence of a distinct array of isotopic signatures throughout the holes on a deposit scale
indicates a number of factors are responsible. Aside from the two alteration pyrite signatures
which sit on the lighter end of the of the Pipeline Ridge isotope ratios, other signatures range
between 7 δ34 S ‰ and 14 δ34 S ‰. This range shows significant correlations with the
signatures exhibited by Cobar Basin ores which are attributed to having two main sulphur
influences; the Cobar Supergroup metasediments (Lawrie and Hinman, 1998) and basinal
fluids carrying reduced seawater sulphate (Downes, 2004). As such the Pipeline Ridge is
interpreted to have received sulphur from two sources, a combination of magmatic and sea
water sulphate sources as outlined by (Hoefs, 1987). Contributions of magmatic sulphur are
interpreted to have come from the volcanic pile, an outside magmatic source feeding heat and
silicic fluids into the system, or a combination of both. Heavier signatures are proposed to
have been attributed to the circulation of basinal brines precipitating downwards with sea
water derived sulphates which would raise the sulphur signatures significantly as sulphur
signatures during mid to late Silurian times ranged from ~20 δ34 S ‰ to ~25 δ34 S ‰.
Prevalent carbonates throughout the deposit are indicative of proximity to some sort of
circulatory system.

A number influences are recognised to cause variations in sulphur signatures. These include
temperature of the fluid, oxidation state of the fluid, size and nature of the hydrothermal flow
and flow paths (i.e. diffuse vs. concentrated flow), variations in the chemical compositions of
hydrothermal fluids, and variations in the relative contributions of the different source
reservoirs ((Downes, 2007) and reference therein). The preservation of decreasing signatures
over short distances along the strike of the deposit may have resulted from decreasing
temperatures heading north, with the source of heated fluids then inferred to occur in the
south. Whilst the general trends are attributed to temperature and fluid paths, a large range of
variations take place over a small distances and throughout different mineralisation phases.
Association of sulphides with mineralisation phases is difficult to determine as sulphur
isotope analysis sample were taken by an outside source. As such the highly variant
signatures seen through only limited data are interpreted to have resulted from proximities to
circulating basinal brines and the magmatic sulphur source as well as changing temperatures
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along the deposit with distance from the main heat source. Mixing of colder, shallower
circulating brines and deeper hotter fluids would cause a temperature gradient across the
deposit. Variations in chemical characteristics of fluids and mineralisation phases are
suggested to have also had an effect. However, limited data means interpretations remain
speculative on the smaller scale influences.

Results of sulphur isotope geothermometry remain speculative at best with the temperatures
of formation sitting amongst and beyond the upper limits for epithermal deposits. A number
of uncertainties and factors of contamination for geothermometry suggest that the actual
temperature of formation may have been cooler than the results suggest.
Interpretation and influences on mineralisation are further discussed in depth in Chapter 8.
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8 Mineralisation and tectonic setting of
the Pipeline Ridge Au-Cu-Pb-Zn
deposit
The current work has identified a complex geological history for the deposition of the Sarona
Downes Tuff Member and it relationship to the formation of the Pipeline Ridge Cu-Pb-ZnAu deposit on the margin of the Cobar Basin. Mineralisation at Pipeline Ridge is best
described as an intermediate sulphidation epithermal deposit with possible Kuroko VMS
style origins associated with the rhyolitic lavas and tuffs. Several stages of mineralisation are
identified including (1) quartz-pyrite hydrothermal veining, (2) carbonate-chalcopyritegalena-sphalerite-gold phase constituting the primary mineralisation and (3) a baron quartzcarbonate phase. The formation of the post-depositional, intermediate sulphidation,
epithermal deposit has important implications on the deposit models of various sectors of the
Cobar Basin, and future exploration for “Cobar-style” deposits.

Eruption and deposition of the array of rhyolites and interbedded crystal/vitric tuffs that make
up the Sarona Downes Tuff member occurred in the latest Silurian (426.0±5.3 Ma based on
the zircon sample) as a result of the opening of the Cobar Basin in response to the
tectonically driven extension during the Tabberaberan Orogeny. Whilst the exact
mechanisms behind the subduction zone migration eastwards are still strongly debated, it is
generally agreed that the Benambran Orogeny in the latest Ordovician to Early Silurian was a
period of widespread compression, uplift and mountain building that was followed by an
extended period of extension in the Silurian to Early Devonian. This formed the widespread
felsic volcanic dominated troughs that are co-evolutionary with the intrusion of the S- and Itype granites within the Lachlan Orogen (Glen, 1992, 1995). The Cobar Basin is generally
thought to have opened in the latest Silurian to Early Devonian as a ramp basin with the
opening formed as a half graben with larger depression of blocks on the eastern margin of the
basin. The basin underwent compression and inversion in the Middle Devonian associated
with the Tabberaberan Orogeny and this event is largely responsible for widespread shearing
and associated mineralisation in the Cobar Basin. Immobile element geochemical
classification and discriminant plots provide evidence for the extensional progression of the
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Cobar Basin causing decompressional melting of continental crustal material, with underplating of basalts at the base of continental crust. Geochronological evidence from zircon
cores show inherited crustal material to be derived from early Paleozoic to Neo-Proterozoic,
‘Gondwanan’ sources.

Extension of the basin allowed for the eruption of the alkali-rich melts forming the
interlayered crystal/vitric tuffs along the Kopyje shelf on the eastern margin of the Cobar
Basin. Geochemical evidence interprets at least two separate rhyolitic tuff units were
deposited. Petrographic observations failed to perceive any intrusive units and thus
stratigraphy of the tuff units implies that both geochemically distinguishable units were
deposited during the same volcanic period. The two geochemically distinguishable units are
inferred to have formed from A-type melts. However, immobile element geochemistry is
indicative of the dominant tuff being produced from the decompressional melting of
underplated basalts along the base of continental crust whilst the less frequent unit is
interpreted to have been sourced from predominantly continental crustal material.
Dominance of the primary unit suggests a much closer proximity of the source to Pipeline
Ridge than that of the less frequent rhyolitic material. Whilst no intrusive units where
positively identified, this is not evidence to disprove the presence of intrusive material. The
interpretation of the Sarona Downs tuff member to be sourced from A-type melts is of
significant importance as it contributes to the western field of A-type magmas in the Lachlan
Orogen and shows significant geochemical and chronological similarities to the A-type Mt
Hope and Ural Volcanics of the Cobar Superbasin (Bull et al, 2008).

Geochronological evidence produced revised ages for the Sarona Downs Tuff Member at
426.0 ± 5.3 (based on the sample with the least error margin). The uncertainties on the
magmatic ages for the rhyolites indicate uppermost Silurian as most likely, but a basal
Devonian age still possible (Silurian-Devonian boundary at 419.2 Ma; Gradstein et al,
(2012)). Geochronological evidence is therefore concurring with geochemical evidence for
the formation of the volcanic pile during the early rifting stages of the basin. A number of
volcanic units throughout the Cobar Superbasin are known to have been deposited into sub
marine environments however there was no conclusive evidence in this study to suggest that
this was the case. However, marine sedimentary units and limestone reef fossil assemblages
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throughout the Kopyje shelf are evidence that at some period the shelf existed as a shallow
marine environment. Whether or not the environment was sub-marine during emplacement
for volcanics is uncertain.

Post-depositional processes after the Sarona Downes Tuff Member deposition involve the
continued sedimentation of the Cobar Basin followed by the half inversion of the Cobar
Basin involving thick and thin skinned tectonics. Epithermal mineralisation stocks were
emplaced into the steeply eastward dipping volcanic pile, sub-parallel to an interpreted fault
zone, probably during deformation and inversion of the basin during the Mid Devonian
Tabberabberan Orogeny. The mineralisation lenses are interpreted to be forming apart the
eastern limb of an overturned syncline with the volcanic units dipping 65 °- 75 ° east.
Hydrothermal alteration as the result of the continued influx of hydrothermal fluids
throughout the deposit is prominent and is interpreted to be the cause of trends seen in
geochemical plots for the host unit throughout the deposit. Silicification, sericitisation and
chloritisation as well as carbonate infill is prevalent throughout the deposit and petrographic
evidence suggests a proximal model for the alteration assemblages. The revised model
interprets the proximal alteration to be silicic and chlorite dominated with moderate
proximities to main mineralisation distance trending to chlorite sericite assemblages with the
lowest alteration replacing chlorite with disseminated pyrite. Previous models are consistent
with petrographical observations with disseminated pyrite and sericite prominent in the
shallower portions of the deposit and chlorite sericite more prevalent in the deeper portions.
Persistent stringer veins observed through the deeper portions of the hole are interpreted to be
the cause of stronger mineralisation below the main mineralisation zone.

Petrographic evidence indicates three phases of hydrothermal influx to be responsible for the
mineralisation. The system evolved from a quartz-pyrite assemblage, followed by the main
stage carbonate-chalcopyrite-galena-sphalerite-gold assemblage and finally barren quartzcarbonate, possibly involved the alteration and recrystallisation of chalcopyrite and galena
resulting in the small triangular pits observed in the galena. The exact chemical
characteristics of the system are hard to determine with highly variable sulphur isotope ratios
throughout the entire deposit. This suggests multiple fluids were involved in the deposition
of mineralisation. Sulphur isotope analysis was obtained for a number of minerals with all
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minerals showing some consistencies with Cobar Basin deposit isotope signatures inferring
similar sources for sulphates and sulphides. Sulphur isotope signatures between 5 δ34 S ‰
and 15 δ34 S ‰ indicate a mixture of magmatic and reduced seawater sulphates were
involved whilst petrographic evidence of persistent carbonates throughout the deposits
confirm proximity to a circulatory system. However source for the lighter magmatic input
remains to be determined with either sourcing from (1) the host volcanic rocks, or (2) an
outside magmatic source feeding hydrothermal fluids and heat into the system. The latter of
the two is favored as alteration assemblages are indicative of an intermediate sulphidation
epithermal deposit. Pyrite-galena and chalcopyrite-galena pairs are used cautiously as
geothermometres, indicating hydrothermal fluid deposition temperatures, at and above the
upper limits for epithermal deposits (approximately 350 °C).

8.1

Conclusion

The chalcedonic veining, vuggy quartz, coliform banding, multiple mineralisation lenses,
alteration and mineralisation assemblages are all characteristics outlined to be features of
intermediate epithermal deposits (Gemmell, 2004). This deposit may represent an initial
Kuroko VMS style deposit associated with the initial eruption of felsic volcanics into a
marine environment but the strong hydrothermal alteration and recrystallisation makes it
difficult to interpret. Thus, the features associated with mineralisation suggest the final
model best fits an intermediate sulphidation epithermal deposit model. This model shows
correlation of the Pipeline Ridge deposit with a number of deposits, including the Mineral
Hill intermediate sulphidation epithermal (Figure 2.6), along the eastern edge of the Cobar
Basin and consistent with David’s model (2006) of the epithermal deposits in the tectonically
shallower portions of the Cobar Superbasin (Figure 3.3).

126 | P a g e

9 References
Ahrens, L.H., 1955, Implications of the Rhodesia age pattern: Geochimica Cosmochimica
Acta, v. 8, p. 1-15.
Aitchison, J.C., and Buckman, S., 2013, Reply to comment on "Accordion vs. quantum
tectonics: Insights into continental growth processes from the Paleozoic of eastern
Gondwana": Gondwana Research.
Andrews, E.C., 1911, Report on the Cobar copper and gold field, : NSW Department of
Mines, Geological Survey- Mineral Resources 17.
Andrews, E.C., 1913, The Canbelego, Budgery and Budgerygar Mines.: NSW Derpartment
of Mines, Geological Survey- Mineral Resources 18.
Bachmann, O., and Bergantz, G.W., 2008, Rhyolites and thier Source Mushes across
Tectonic Settings: Journal of Petrology, v. 49, p. 2277-2285.
Barron, D.B.J., 2012, Detailed petrological and mineragraphic examination of five drill core
samples from the Kopyje Basin, NSW., in Barron, D.B.J., ed.
Bendall, C., Lahaye, Y., Fiebig, J., Weyer, S., and Brey, G.P., 2006, In situ sulfur isotope
analysis by laser ablation MC-ICPMS: Applied Geochemistry, v. 21, p. 782-787.
Black, L., Kamo, S., Allen, C., Davis, D., Aleinikoff, J., Valley, J., Mundil, R., Campbell, I.,
Korsce, R., Williams, I., and Foudoulis, C., 2004, Improved 206Pb/238U microprobe
geochronology by the monitoring of a trace-element-related matrix effect; SHRIMP,
ID–TIMS, ELA–ICP–MS and oxygen isotope documentation for a series of zircon
standards: Chemical Geology, v. 205.
Black, L.P., 2005, SHRIMP U-Pb dates obtained during 2004/2005 for NSW Geological
Survey, Unpublished.
Black, L.P., 2006, SHRIMP U-Pb dates obtained during 2005/2006 for NSW Geological
Survey: Unpublished Article.
Black, L.P., 2007, SHRIMP U-Pb dates obtained during 2006/2007 for NSW Geological
Survey: Unpublished Article.
Bonham, H.F., 1986, Models for volcanic hosted epithermal precious metal deposits; a
review: Proc Symp 5 Int Volcanics Congression, Auckland, NZ p. 13-17.
Braun, J., and Pauselli, C., 2004, Tectonic evolution of the Lachlan Fold Belt, southeastern
Australia: constraints from coupled numerical models of crustal deformation and
127 | P a g e

surface erosion driven by subduction of the underlying mantle: Physics of the Earth
and Planetary Interiors, v. 141, p. 281-301.
Brunker, R.L., 1970, Explanatory notes on the Cobar 1:250,000 Geological sheet. 31pp.
Geological Survey of NSW. Sydney.
Bull, K.F., Crawford, A.J., McPhie, J., Newberry, R.J., and Meffre, S., 2008, Geochemistry,
geochronology and tectonic implications of Late Silurian-Early Devonian volcanic
successions, central Lachlan Orogen, New South Wales: Australian Journal of Earth
Sciences, v. 55, p. 235-264.
Castillo, R.P., 2006, An overview of adakite petrogenisis: Chinese Science Bulletin, v. 51, p.
257-268.
Chan, R.A., 2009, Evolution of the girilambone regolith landscape, central-western New
South Wales: Australian Journal of Earth Sciences, v. 56, p. S105-S123.
Chaussidon, M., Albarède, F., and Sheppard, S.M.F., 1989, Sulphur isotope variations in the
mantle from ion microprobe analyses of micro-sulphide inclusions: Earth and
Planetary Science Letters, v. 92, p. 144-156.
Chaussidon, M., and Lorand, J.-P., 1990, Sulphur isotope composition of orogenic spinel
lherzolite massifs from Ariege (North-Eastern Pyrenees, France): An ion microprobe
study: Geochimica et Cosmochimica Acta, v. 54, p. 2835-2846.
Coleman, M.L., 1977, Sulphur isotopes in petrology: Journal of the Geological Society, v.
133, p. 593-608.
Corbett, G., 2005, Epithermal Au-Ag deposit types- Implications for exploration: Greg
Corbett, Consultant Economic Geologist 29 Carr St, North Sydney Australia,
Unpublished, p. 1-15.
Corbett, G.J., 2002, Epithermal Gold for Explorationists: AIG Presidents Lecture, AIG On
Line Journal April 2002, AIG website www.aig.asn.au.
Corbett, G.J., and Leach, T.M., 1998, Southwest Pacific rim gold-copper systems: structure,
alteration, and mineralisation. Society of Economic Geologists Special Publication 6,
p. 1-234.
Corfu, F., Hanchar, J., Hoskin, P., and Kinny, P., 2003, Atlas of zircon textures. In Hanchar,
J. & Hoskin, P. eds.: Reviews in Mineralogy & Geochemistry, v. 53.
Cox, K.G., Price, N.B., and Harte, B., 1988, The Practical study of Crystals, Minerals and
Rocks: Revised Edition, McGraw Hill International Editions, Mineralogical Series, p.
1-245.

128 | P a g e

Cumming, C.L., and Richards, J.R., 1975, Ore lead isotope ratios in a continuously changing
earth: Earth and Planetary Science Letters, v. 28, p. 155-171.
David, V., 2006, Cobar superbasin system mettalogenesis: Mineral Exploration Geoscience
in New South Wales, Mines and Wines Conference, Cessnock NSW SMEDG, p. 3951.
David, V., 2008, Structural–geological setting of the Elura-Zn–Pb–Ag massive sulphide
deposit, Australia: Ore Geology Reviews, v. 34, p. 428-444.
Defant, M.J., and Drummond, M.S., 1990, Derivation of some modern arc magmas by
melting of young subducted lithosphere: Nature (London), v. 347, p. 662-665.
deRoo, J.A., 1987, Structurally controlled ore genesis at Elura and Mt Carbine, Australia:
Unpublished Ph.D. Thesis, Townesville, Australia, James Cook University of North
Queensland.
Downes, P., 2004, Sulphur and lead isotope studies for the Cargelligo 1 250 000 map sheet:
Quarterly Notes Geological Survey of New South Wales, v. 117, p. 151-173.
Downes, P.M., 2007, Yerranderie a late Devonian silver-gold-lead intermediate sulfidation
epithermal district, Eastern Lachlan Orogen, New South Wales, Australia: Resource
Geology, v. 57, p. 1-23.
Downes, P.M., Carr, G.R., and Seccombe, P.K., 2008, Sulfur- and lead-isotope signatures of
orogenic gold mineralisation associated with the Hill End Trough, Lachlan Orogen,
New South Wales, Australia: Mineralogy and petrology, v. 90, p. 151-173.
Drummond, B.D., Glen, R.A., Goleby, B.R., Wake-Dyster, D.D., and Palmer, D., 1992, Deep
seismic of the Cobar Basin II: A ramp basin controlled by a mid-crustal detachment.:
Geological Society of Australia, Abstracts, v. 32, p. 44.
Einaudi, M.T., Hedenquist, J.W., and Inan, E.E., 2003, Sulfidation state of fluids in active
and extinct hydrothermal sytems: Transitions form porphyry to epithermal
environments in Society of Economic Geologists Special Publication, v. 10, p. 285312.
Eldridge, C.S., 1989, Sulfur isotope variability in sediment-hosted massive sulfide deposits as
determined using the ion microprobe SHRIMP; I, An example from the Rammelsberg
orebody; reply: Economic geology and the bulletin of the Society of Economic
Geologists, v. 84, p. 453-457.
Emmons, W.H., 1936, Hypogene zoning in metalliferous lodes: Report 1 of the 16th
International geological congress, p. 417-432.

129 | P a g e

Felton, E.A., Brown, R.E., and Fail, A.P., 1983, Canbelego 1:100,000 Geological Sheet 8134,
NSW Geological Survey: Sydney.
Fergusson, C.L., 2003, Ordovician-Silurian accretion tectonics of the Lachlan Fold Belt,
southeastern Australia: Australian Journal of Earth Sciences, v. 50, p. 475-490.
Fergusson, C.L., 2010, Plate-driven extension and convergence along the East Gondwana
active margin: Late Silurian-Middle Devonian tectonics of the Lachlan Fold Belt,
Southeastern Australia: Australian Journal of Earth Sciences, v. 57, p. 627-649.
Fergusson, C.L., and Coney, P.J., 1992, Convergence and intraplate deformation in the
Lachlan Fold Belt of Southeastern Australia: Tectonophysics, v. 214, p. 417-429,433439.
Fergusson, C.L., Fanning, C.M., Phillips, D., and Ackerman, B.R., 2005, Structure, detrital
zircon U-Pb ages and 40Ar/39Ar geochronology of the Early Palaeozoic Girilambone
Group, central New South Wales: Subduction, contraction and extension associated
with the Benambran Orogeny: Australian Journal of Earth Sciences, v. 52, p. 137-159.
Franklin, J.M., 1993, Volcanogenic-associated Massive Sulfide deposits.: Geological
Association of Canada, special paper, v. 40, p. 315-334.
Franklin, J.M., Lydon, J.W., and Sangster, D.F., 1981, Volcanic- associated massive sulfide
deposits. : Economic Geology. 75th Anniversary Volume, p. 485-627.
Gemmell, J.B., 2004, Low- and intermediate-sulfi dation epithermal deposits: In Cooke , D .
R . , Deyell , C . and Pongratz , J . ( eds .) CODES Special Publication 5, Centre of
Ore Deposit Research . University of Tasmania , Hobart, Australia, p. 57-63.
Gill, R., 2010, Igneous rocks and processes; a practical guide: Wiley-Black p. 1-428.
Gilligan, L.B., and Suppel, D.W., 1974, Cobar and Mineral Hill Synclanorial Zones: The
Mineral deposits of NSW.
Gilmour, P., 1976, Some transitional typesof mineral deposits in volcanic and sedimentary
rocks. : In K.H. Wolf (ed.), Handbook of stratabound and strataform ore deposits, v.
1, p. 11-60.
Glen, R.A., 1987, Copper- and gold-rich deposits in deformed turbidites at Cobar, Australia:
their structural control and hydrothermal origin: Economic geology and the bulletin of
the Society of Economic Geologists, v. 82, p. 124-140.
Glen, R.A., 1990, Formation and inversion of transtensional basins in the western part of the
Lachlan Fold Belt, Australia, with emphasis on the Cobar Basin: Journal of Structural
Geology, v. 12, p. 601-620.

130 | P a g e

Glen, R.A., 1991, Inverted transtensional basin setting for gold and copper and base metal
deposits at Cobar, New South Wales: BMR journal of Australian geology and
geophysics, v. 12, p. 13-24.
Glen, R.A., 1992, Thrust, extensional and strike-slip tectonics in an evolving Palaeozoic
orogen—a structural synthesis of the Lachlan Orogen of southeastern Australia:
Tectonophysics, v. 214, p. 341-380.
Glen, R.A., 1995, Thrusts and thrust-associated mineralization in the Lachlan orogen:
Economic Geology, v. 90, p. 1402-1429.
Glen, R.A., 1998, Ordovician convergent-margin volcanism and tectonism in the Lachlan
sector of east Gondvvana: Geology (Boulder), v. 26, p. 751-754.
Glen, R.A., 2005, The Tasmanides of eastern Australia: Geological Society, London, Special
Publication, v. 246, p. 23-96.
Glen, R.A., 2006, The Lachlan Orogen: New boundaries, new data, new ideas, new deposits:
Mineral Exploration Geoscience in New South Wales, Mines and Wines Conference,
Cessnock NSW SMEDG, p. 1-6.
Glen, R.A., Drummond, B.J., Goleby, B.R., Palmer, D., and Dyster, K.D.W., 1994, Structure
of the Cobar Basin, New South Wales, based on seismic reflection profiling:
Australian Journal of Earth Sciences: An International Geoscience Journal of the
Geological Society of Australia, v. 41, p. 341-352.
Glesemann, A., Jäger, H.-J., Norman, A.L., Krouse, H.R., and Brand, W.A., 1994, On-line
sulfur-isotope determination using an elemental analyser coupled to a mass
spectrometer: Analytical Chemistry, v. 66, p. 2816–2819.
Goldschmidt, V.M., 1937, The principles of distribution of chemical elements in minerals
and rocks.: Journal of the chemical society of London, v. 140, p. 655-673.
Gradstein, F.M., 2012, Chapter 1 - Introduction, The Geologic Time Scale: Boston, Elsevier,
p. 1-29.
Gray, D.R., and Foster, D.A., 1997, Orogenic concepts; application and definition; Lachlan
fold belt, eastern Australia: American Journal of Science, v. 297, p. 859-891.
Gray, D.R., and Foster, D.A., 2004, Tectonic evolution of the Lachlan Orogen, southeast
Australia: historical review, data synthesis and modern perspectives.: Aust J Earth
Sci, v. 51, p. 773-817.
Guilbert, G.K., 1928, Studies of basin-range structure: U.S. Geological Survey. Prof, Pap., p.
3-92.

131 | P a g e

Guilbert, J.M., and Park, C.F., 1986, The geology of ore deposits: W.H. Freeman and Co., p.
1-985.
Hall, R., 2002, Cenozoic geological and plate tectonic evolution of SE Asia and the Sw
Pacific: computer based reconstructions, model and animations: Journal of Asian
Earth Sciences, v. 20, p. 353-431.
Hall, R., and Morely, C.K., 2004, Sundaland Basins. In: Clift.P, Kuhnt W., Wang P., and
Hayes D. eds. Continent-ocean interactions within East Asian marginal seas.:
American Geophysical Union Geophysical Monograph v. 149, p. 55-85.
Harris, N.B.W., Duyverman, H.J., and Almond, D.C., 1983, The trace element and isotope
geochemistry of the Sabaloka igneous complex, Sudan: Journal of geological society
London, v. 140, p. 245-256.
Hastie, A.R., Kerr, A.C., Pearce, J.A., and Mitchell, S.F., 2007, Classification of altered
volcanic island arc rocks using immobile trace elements: Development of the Th-Co
discrimination diagram: Journal of Petrology, v. 48, p. 2341-2357.
Heald, P., Foley, N.K., and Hayba, D.O., 1987, Comparitive anatomy of volcanic-hosted
epithermal deposits; acid-sulfate and adularia-sericite types: Econimic geology v. 82,
p. 1-26.
Hekinian, H., and Fouquet, Y., 1985, Volcanism and metallogenesis of axial and off-axial
structures on the East Pacific Rise near 13o N.: Economic Geology, v. 80, p. 221-249.
Henley, R.W., and Berger, B.R., 1988, Advances in the understanding of epithermal precious
metal deposits: Bicentennial gold '88. Geol Soc Aust Abstr Ser, v. 22, p. 277-283.
Hinsbergen, D.J.J.v., Kapp, P., Nivet, G.D., Lippert, P.C., DeCelles, P.G., and Torsvik, T.H.,
2011, Restoration of Cenozoic deformation in Asia and the size of Greater India:
Tectonics, v. 30, p. 1-31.
Hoefs, J., 1987, Stable isotope geochemistry: Springer-Verlag, Berlin, Heidleberg, p. 201.
Hoefs, J., 2004, Stable Isotope Geochemistry, Springer.
Hoefs, J., 2009, Stable Isotope Geochemistry, v. 6, p. 1-285.
Hough, M.A., Bierlein, F.P., and Wilde, A.R., 2007, A review of the metallogeny and
tectonics of the Lachlan Orogen: Mineralium deposita, v. 42, p. 435-448.
Ireland, T.R., 1995, Ion Microprobe mass Spectrometry: Techniques and applications in
cosmochemistry, geochemistry, and geochronology: Advances in Analytical
Geochemistry, v. 2, p. 1-118.

132 | P a g e

Iwata, K., Schmidt, B.L., Leitch, E.C., Allan, A.D., and Watanabe, T., 1995, Ordovician
microfossils from the Ballast Formation (Girilambone Group) of New South Wales:
Australian Journal of Earth Sciences, v. 42, p. 371-376.
Jaques, A., Jaireth, S., and Walshe, J., 2002, Mineral systems of Australia: an overview of
resources, settings and processes: Australian Journal of Earth Sciences, v. 49, p. 623660.
Kay, R.W., 1978, Aleutian magnesian andesites: Melts from subducted Pacific ocean crust:
Journal of Volcanology and Geothermal Research, v. 4, p. 117-132.
Kelley, S.P., and Fallick, A.E., 1990, High precision spatially resolved analysis of δ34S in
sulphides using a laser extraction technique: Geochimica et Cosmochimica Acta, v.
54, p. 883-888.
Kirkham, R.V., and Roscoe, S.M., 1993, Atmospheric evolution and ore deposit formation. In
S. Ishihara and 9 others (eds): Resource Geology, v. Special issue 15, p. 1-17.
Koski, R.A., and Mosier, D.L., 2012, Deposit type and associated commodities in
volcanogenic massive sulfide occurrence model: U.S. Geological Survey Scientific
Investigations Report 2010–5070 –C, chap. 2, 8 p.
Lamb, S., Hoke, L., Kennan, L., and Dewey, J., 1997, Cenezoic evolution of the Central
Andes in Bolivia and northern Chile.: In J.-P. Burg and M. Ford (eds), Orogeny
through time. Geological Society Special Publication, v. 121, p. 237-264.
Large, R.R., 1992, Australian volcanic-hosted massive sulfide deposits: features, styles and
genetic models: Economic geology, v. 87, p. 471-510.
Large, R.R., McPhie, J., Gemmell, J.B., Hermann, W., and Davidson, G.J., 2001, The
spectrum of ore deposit types, volcanic environments, alteration halos, and related
exploration vectors in submarine volcanic successions: Some examples from
Australia: Economic Geology, v. 96, p. 913-983.
Lawrie, K.C., 1999, Evidence for possible zinc transport in hydrocarbon-bearing (C1-C9)
fluids in the formation of Cobar-style deposits?: AGSO Research Newsletter, p. 1720.
Lawrie, K.C., and Hinman, M.C., 1998, Cobar-style polymetallic Au-Cu-Ag-Pb-Zn deposits.:
ASGO Journal of Australian Geology and Geophysics, v. 17, p. 169-187.
Lee, J.K.W., Williams, I.S., and Ellis, D.J., 1997, Pb, U and Th diffusion in natural zircon:
Nature v. 390, p. 159-162.

133 | P a g e

Leeson, B., 1980, The Pipeline Ridge Cu-Pb-Zn-Ag prospect, Mineral Hill Synclinorial
Zone, NSW, In: C.R.M. Butt and R.E. Smith (Editors), Conceptual Models in
Exploration Geochemistry: Journal of Geochemical Exploration v. 12.
LeMaitre, R.W., Streckeisen, A., Zanettin, B., Bas, M.J.L., Bonin, B., and Bateman, P., 2002,
Igneous Rocks: A Classification and Glossary of Terms: Cambridge University Press,
Cambridge, UK.
Lindgren, W., 1933, Mineral deposits: McGraw-Hill, New York, p. 1-930.
Luchitskaya, M.V., 2005, Plagiogranite magmatism in the Mesozoic island-arc structure of
the Pekulney Ridge, Chukotka Peninsula, NE Russia: Lithos, v. 79, p. 251-269.
Lydon, J.W., 1988, Volcanogenic massive sulfide deposits. Part 2: Genetic models. :
Geoscience Canada, v. 15, p. 43-65.
Machette, M., Haller, K., Dart, R., and Rhea, S., 1996-2004, Summary Of the Late
Quaternary Tectonics of the Basin and Range Province in Nevada, Eastern California,
and Utah: Derived from the USGS database on quaternary faults and folds in the
United States. http://earthquake.usgs.gov/regional/imw/imw_bnr_faults/.
MacNamara, J., and Thode, H.G., 1950, Comparison of the isotopic constitution of terrestrial
and meteoric sulfur: Physics Review, v. 78, p. 307.
Martin, H., Smithies, R.H., Rapp, R., Moyen, J.F., and Champion, D., 2004, An overview of
adakite, tonalite–trondhjemite–granodiorite (TTG), and sanukitoid: relationships and
some implications for crustal evolution: Lithos, v. 79, p. 1-24.
McManus, J.B., and Weber, C.R., 1969, Exploration License 123 (M.E.L. Application 308).
Final Report on Northern portion (progress report No.4). Rep. John McManus and
assosciates Pty Ltd (File geol. surv. NSW, GS 1969/330) (unpublished).
Misra, R.C., 2000, Understanding Mineral Deposits: Kluwer academic publishers, p. 1-845.
Morley, C.K., 2002, A tectonic model for the Tertiary evolution of strike–slip faults and rift
basins in SE Asia: Tectonophysics, v. 347, p. 189-215.
Mosier, D.L., Berger, V.I., and Singer, D.A., 2009, Volcanogenic Massive Sulfide deposits of
the world; database and grade and tonnage models: U.S. Geological Survey Open-File
Report 2009-1034, p. 1-50.
Mungall, J.E., 2002, Roasting the mantle: Slab melting and the genesis of major Au and Aurich Cu deposits: Geology (Boulder), v. 30, p. 915-918.
Nesbitt, R.W., 1976, Pipeline Ridge DDH.PR1, Cobar Outside areas. Mines Exploration
Propietary Limited.

134 | P a g e

Nutman, A.P., and Friend, C.R.L., 2007, Adjacent terranes with ca. 2715 and 2650 Ma highpressure metamorphic assemblages in the Nuuk region of the North Atlantic Craton,
southern West Greenland: Complexities of Neoarchaean collisional orogeny:
Precambrian Research, v. 155, p. 159-203.
Nutman, A.P., Friend, C.R.L., and Liu, D., 2010, Preface to special issue of Precambrian
Research on the impact of SHRIMP on understanding the Precambrian: Precambrian
Research, v. 183, p. vii-ix.
O'Connor, D.H., 1980, Evidence of an exhalative origin for deposits of the Cobar District,
New South Wales; discussion.: BMR journal of Australian geology and geophysics, v.
5, p. 70-72.
Ohmoto, 1986, Stable isotope geochemistry of ore deposits: Reviews in mineralogy /
Mineralogical Society of America, v. 16, p. 491-559.
Ohmoto, H., 1972, Systematics of Sulfur and Carbon Isotopes in Hydrothermal Ore Deposits:
Economic geology and the bulletin of the Society of Economic Geologists, v. 67, p.
551-578.
Ohmoto, H., Drummond, M., Eldridge, S.E., Pisutha-Arnond, C.S., and Lenagh, T.C., 1983,
Chemical processes of kuroko formation: Economic Geology Monograph, v. 5, p.
570-604.
Ohmoto, H., and Rye, R.O., 1979, Isotopes of sulfur and carbon: Economic geology and the
bulletin of the Society of Economic Geologists, p. 509.
Oncken, O., Hindle, D., Kley, J., Elger, K., Victor, P., and Schemmann, K., 2006,
Deformation of the Central Andean upper plate system; facts, fiction, and constraints
for plateau models: Springer Berlin, Federal Republic of Germany. Pages.
Parsons, T., 1995, The Basin and Range Province: The Basin and Range Province, in
Continental Rifts: Evolution, Structure and Tectonics, Olsen, K., ed., Amsterdam,
Elsevier, ISBN, p. 277-324.
Pearce, 1984, Trace element discrimination diagrams for the tectonic interpretation of
granitic rocks: Journal of Petrology, v. 25, p. 956-983.
—, 1996, A user's guide to basalt discrimination diagrams: Short Course Notes Geological
Association of Canada, v. 12, p. 79-113.
Pearce, J.A., 1983, Role of the sub-continental lithosphere in magma genesis at active
continental margins: Continental Basalts and Mantle Xenoliths, p. 230-249.

135 | P a g e

Peate, D.W., 1997, The Parana-Etendeka Province: Large Igneous Provinces: Continental,
Oceanic, and Planetary Flood Volcanism. Edited by J.J. Mahoney, M.F. Coffin.
American Geophysical Union, p. 217-245.
Perkins, C., Hinman, M.C., and Walshe, J.L., 1994, Timing of mineralization and
deformation, Peak Au mine, Cobar, New South Wales: Australian Journal of Earth
Sciences, v. 41, p. 509-522.
Pirajno, F., 1992, Hydrothermal Mineral Deposits. Springer-Verlag p. 1-709.
Plimer, L.R., 1978, Proximal and distal stratabound ore deposits: Mineralium Deposita, v. 13,
p. 345-53.
Pogson, D.J., 1967, Cargelligo 1:250 000 Geological Sheet SI 55-6 and Explanatory Notes:
Geological Survey of New South Wales, Sydney.
Powell, 1984, Uluru and Adelaidean regimes; Ordovician to Earliest Silurian; marginal sea
and island arc: Oxford Geological Sciences Series, v. 2, p. 290-308.
Powell, C.M., 1983, Tectonic relationship between the Late Ordovician and Late Silurian
palaeogeographies of southeastern Australia: Journal of the Geological Society of
Australia, v. 30, p. 353-373.
Ridley, J.R., and Barnicoat, A.C., 1990, Wallrock alteration in amphibolite-facies gold
deposits. : Geology Department (Key Centre) and University Exstension, University
of Western Australia, Publication 20, p. 79-86.
Robb, L., 2005, Introduction to ore-forming processes: Blackwell Publishing, p. 1-373.
Rocha-Campos, A.C., Basei, M.A., Nutman, A.P., Kleiman, L.E., Varela, R., Llambias, E.,
Canile, F.M., and da Rosa, O.D.C.R., 2011, 30million years of Permian volcanism
recorded in the Choiyoi igneous province (W Argentina) and their source for younger
ash fall deposits in the Paraná Basin: SHRIMP U-Pb zircon geochronology evidence:
Gondwana Research, v. 19, p. 509-523.
Rollinson, H., 1993, Using geochemical data: evaluation,presentation, interpretation:
Pearson-Prentice Hall.
Sakai, H., Casadevall, T.J., and Moore, J.G., 1982, Chemistry and isotope ratios of sulfur in
basalts and volcanic gases at Kilauea volcano, Hawaii: Geochimica et Cosmochimica
Acta, v. 46, p. 729-738.
Scheibner, E., 1978, Tasman fold belt system or orogenic system.: Tectonophysics, v. 48, p.
153-157.
Scheibner, E., 1987, Geology of the Mount Allen 1: 100 000 Sheet 8032: Geological Survey
of New South Wales, Sydney.
136 | P a g e

Scheibner, E., 1989, The tectonic of the New South Wales in the second decade of
application of the plate tectonic paradigm: Journal of Proceedings of the Royal
Society of New South Wales, v. 122, p. 35-74.
Schmidt Mumm, A., and Wolfgramm, M., 2002, Diagenesis and fluid mobilisation during the
evolution of the North German Basin—evidence from fluid inclusion and sulphur
isotope analysis: Marine and Petroleum Geology, v. 19, p. 229-246.
Scott, S.D., 1997, Submarine hydrothermal systems and deposits: In H.L. Barnes (ed.),
Geochemistry of hydrothermal ore deposits, 3rd edition, John Wiley, p. 797-875.
Seal, R.R., 2006, Sulfur Isotope Geochemistry of Sulfide Minerals: Reviews in Mineralogy &
Geochemistry, v. 61, p. 633-677.
Sherwin, L., 1974, Siluro Devonian fossils from the Canbelego copper field.: Rep. Geol.
Surv. NSW, Palaeont. 1974/2 (GS 1974/016) (unpublised).
Silberman, M.L., and Berger, B.R., 1985, Relationship of trace element patterns to alteration
and morphology in epithermal precious metal deposits: Economic Geology, v. 2, p.
203-232.
Sillitoe, R.H., Hannington, M.D., and Thompson, J.F.H., 1996, High sulfidation deposits in
the volcanogenic massive sulfide environment: Economic Geology, v. 91, p. 204-212.
Sillitoe, R.H., and Hedenquist, J.W., 2003, Linkages between Volcanotectonic Settings, OreFluid Compositions, and Epithermal Precious Metal Deposits in Volcanic,
Geothermal, and Ore-Forming Fluids: Rulers and Witnesses of Processes within the
Earth, Special Publication No 10, Society of Economic Geologists, p. 315-345.
Stegman, C.L., 2001, Cobar deposits: Still defining classification: SEG Newsletter, v. 44, p.
15-25.
Stegman, C.L.S.a.T.M., 1996, History of Mining in the Cobar Region in Cook, F.,
McDermott, Standish, Stegman and Stegman, ed., The Cobar Mineral Field - A 1996
Perspective.
Sun, S.S., and McDonough, W.F., 1989, Chemical and isotopic systematics of oceanic
basalts; implications for mantle composition and processes: Geological Society
special publication, v. 42, p. 313-345.
Sun, Y., Seccombe, P.K., and Yang, K., 2001, Application of short-wave infrared
spectroscopy to define alteration zones associated with the Elura zinc–lead–silver
deposit, NSW, Australia: Journal of Geochemical Exploration, v. 73, p. 11-26.

137 | P a g e

Tang, Y., Zhang, H., and Lv, Z.H., 2012, Characteristics of zircon cathodoluminescence and
trace elements of granite and pegmatite from altai mountains, North WesT China:
Kuangwu Yanshi/ Journal of Mineralogy and Petrology, v. 32, p. 8-15.
Taylor, R., 2009, Ore textures: Recognition and interpretation: Springer Dordrecht
Heidelberg London New York, p. 1-288.
Tera, F., and Wasserburg, G.J., 1972, U-Th-Pb systematics in three Apollo 14 basalts and the
problem of initial Pb in lunar rocks: Earth and Planetary Science Letters, v. 14, p.
281-304.
Thiéblemont, D., Stein, G., and Lescuyer, J.-L., 1997, Gisements épithermaux et
porphyriques: la connexion adakite: Comptes Rendus de l'Académie des Sciences Series IIA - Earth and Planetary Science, v. 325, p. 103-109.
Titley, S.R., 1993, Relationship of stratabound ores with the tectonic cycles of the
Phanerozoic and Proterozoic.: Precambrian Research, v. 61, p. 295-322.
Torrey, C., 2005, Pipeline Ridge Cu-Pb-Zn-Au Prospect, Cobar District, NSW: Golden Cross
Resources Ltd., 22 Edgeworth David Avenue, Hornsby, NSW 2077.
Wagner, T., Boyce, A.J., Jonsson, E., and Fallick, A.E., 2004, Laser microprobe sulphur
isotope analysis of arsenopyrite: experimental calibration and application to the
Boliden Au–Cu–As massive sulphide deposit: Ore Geology Reviews, v. 25, p. 311325.
Wellman, P., 1995, Tasman orogenic system; a model for its subdivision and growth history
based on gravity and magnetic anomalies.: Econ Geol, v. 90, p. 1430–1442.
Wetherill, G.W., 1956, Discordant uranium-lead ages: I: Transactions of theAmerican
Geophysical Union, v. 37, p. 320-326.
Whalen, J.B., Currie, K.L., and Chappell, B.W., 1987, A-type granites: geochemical
characteristics, discrimination and petrogenesis: Contributions to Mineralogy and
Petrology, v. 95, p. 407-419.
White, 1998, Progress report on Pipeline Ridge, EL 4974, Cobar District NSW. Internal
consultants report to golden cross resources.
White, N.C., Leake, M.J., McCaughy, S.N., and Parris, B.W., 1995, Epithermal gold deposits
of the southwest pacific: Journal of geochemical exploration v. 54, p. 87-136.
Williams, I., 1998, U-Th-Pb Geochronology by ion microprobe, In McKibben, M. A., Shanks
III, W. C., and Ridley, W. I. (eds.): Applications of microanalytical techniques to
understanding mineralizing processes. Reviews in Economic Geology v.7., p. 1-35.

138 | P a g e

Williams, I.S., 1992, Some observations on the use of zircon U-Pb geochronology in the
study of granitic rocks: Trans. Roy. Soc. Edinburgh: Earth Sci, v. 83, p. 447-458.
Winchester, J., and Floyd, P., 1977, Geochemical discrimination of different magma series
and their differentiation products using immobile elements: Chemical Geology, v. 20,
p. 325-343.
Winter, J.D., 2010, Principles of Igneous and Metamorphic Petrology Second Edition: New,
Jersey, Pearson Prentice, Hall, p. 702.
Yin, A., 2010, Cenozoic tectonic evolution of Asia: A preliminary synthesis: Tectonophysics,
v. 488, p. 295-325.

139 | P a g e

Appendix I
List of Samples

140 | P a g e

Sample

Hole ID

GM001A PCN090

GM001B PCN090

GM001C PCN090

GM001D PCN090

GM002

PCN090

GM003A PCN090

GM003B PCN090
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Depth(m)
89.0 m –
89.3 m
89.0 m –
89.3 m
89.0 m –
89.3 m
89.0 m –
89.3 m

88.4 m –
88.5 m
84.55 m –
84.65 m
84.55 m –
84.65 m

Std

X

X

X

X

X

X

X

Polished XRF? Hand Specimen

















X

X

X



X

X

Multiphase hydrothermal fluid flow in a porphyritic,
acidic tuff. This sample represents the main
concentration of gold mineralisation.
Multiphase hydrothermal fluid flow consisting of
massive sulphides, coliform and chalcedonic quartz.
This sample represents the main concentration of
gold mineralisation.
Multiphase hydrothermal fluid flow consisting of
massive sulphides, coliform and chalcedonic quartz.
This sample represents the main concentration of
gold mineralisation.
Multiphase hydrothermal fluid flow consisting of
massive sulphides, coliform and chalcedonic quartz.
This sample represents the main concentration of
gold mineralisation
Light grey/green, porphyritic crystal tuff with
moderate (2cm) coliform banded quartz/pyrite vein.
Rounded to sub rounded quartz crystals in a highly
silicically/sericitically altered, fine grained, silicic
matrix.
Multiphase hydrothermal fluid flow consisting of
massive sulphides, coliform and chalcedonic quartz.
The second most prominent concentration of gold
mineralisation.
Multiphase hydrothermal fluid flow consisting of
massive sulphides, coliform and chalcedonic quartz.
The second most prominent concentration of gold
mineralisation.

GM004

GM005

GM006

GM007

GM008

GM009

GM010

PCN090

PCN090

PCN090

PCN090

PCN090

PCN090

PCN090
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63.8-63.9

81.8m-81.9m

79.5m-79.6m

76.6m-76.7m

73.3m-73.4m

68.75m68.8m

59.9m59.95m

X

X

X

X

X

X

X

















X



X





X

Highly sericitically/silicically altered breccia. Sub
rounded – sub angular breccia fragments of crystal
tuff remobilised. High levels disseminate sulphides
(predominantly pyrite) through flow bands and
matrix. Large brecciated fragments show in situ
fracturing.
Highly silicically altered crystal tuff. Small rounded/
sub rounded quartz crystals present (<5mm). Large
quartz/carbonate and massive pyrite veins cut the
sample with remnant crystals from the host rock
remobilised in the veins.
Light grey/green/brown crystal/vitric tuff. Highly
sericitically/silicically altered tuff with sericite and
chlorite completely altered vitric fragments?
Light green/brown, rounded-sub rounded crystal tuff
with small quartz crystals present. Moderate-high
levels of sericitic/chloritic alteration overriding
possible vitric fragments?
Very coarse vitric/crystal/lithic tuff/breccia. Very
large crystals (>2cm) lithic fragments present with
flow banded glassy matrix surrounding crystals and
fragments. Feldspar crystals also present but sample
is moderately sericitically altered. Large crystals
appear fractured in situ.
Dark grey/white crystal/vitric tuff with porphyritic
rounded/sub rounded quartz crystals with small
remnant vitric fragments showing possible flow
textures.
Coarse grained porphyritic, lithic/vitric?/crystal tuff.
Possible remnant vitric fragments now chloritised.
Relict feldspar crystals present? Now highly sericite
altered. Moderate disseminated sulphide present.

GM011

PCN090

51.6m51.65m

X

X



GM012

PCN090

47.5m47.55m

X



X

GM013

PCN090

94.7m94.75m

X





GM014

GM015

GM016

GM017

PCN090

PCN090

PCN090

PCN090
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101.65m101.75m

104.8m104.9m

106.8m106.9m

108.5m108.6m

X

X

X







X





Very fine grained, well sorted quartz tuff. Then
section was unable to be produced as the sample did
not remain stuck to glass slide during preparation.
All observations are in hand specimen.
Coarse grained, remobilised porphyritic tuff with
rounded – sub rounded quartz crystals in a fine
grained tuffaceous matrix. Moderate to high
sericite/chlorite alteration.
Very fine grained tuff with very fine grained chlorite
altered glassy matrix?
Possible crystal/vitric tuff with some possible relict
vitric fragments. Quartz stock work cuts the sample
in multiple places and contains cavities throughout
the quartz veins. Pseudomorphic feldspar crystals
now sericitised?
Light grey/brownish crystal/vitric tuff. Possible
vitric shards with flow depositional textures and
moderate to high level sericitic/silicic/chloritic
alteration. Carbonate/quartz vein intersects host rock
with moderate mineralisation along the contact.
Interbedded fine grained tuff and porphyritic crystal
tuffs. Possible relict feldspar crystals (see photo
below) now highly altered to sericite. High levels of
silicic/sericitic alteration. Possible relict vitric
fragments? Now chlorite/sericite?
Light grey/green porphyritic crystal tuff. Possible
relict vitric fragments or highly chlorite altered
feldspars? Moderate to high levels of silica and
sericite alteration.

X





GM018

GM019

GM020

GM021

GM022

GM023

PCN090

PCN090

PCN090

PCN090

PCN090

PCN090
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110.8m110.9m

114.3m114.4m

117.2m117.3m

119.5m199.6m

123.85m123.95m

133.3m133.4m

X

X

X

X

X

X













X

X



X





Light grey/green, porphyritic crystal/vitric tuff.
Some relict vitric fragments remain. Rounded quartz
crystals present with possible feldspar crystals now
highly sericitically altered. Quartz vein present
through sample with possibly remobilised crystals
from host rock.
Light green/grey, moderately
silicically/sericitically/chloritically altered
porphyritic crystal/vitric tuff. Relict glass shards
chloritically/sericitically altered with highly altered
possible feldspar crystals. Small rounded quartz
crystals present.
Light-dark grey, porphyritic vitric/crystal tuff now
highly chloritically/sericitically altered. Some relict
glass fragments exhibit flow textures however
chloritically altered. Minor disseminated pyrite
present.
Porphyritic vitric/crystal tuff with some relict vitric
shards now chloritised. A moderate quartz vein
dissects the sample splitting into multiple veins. This
massive quartz vein shows little mineralisation
except minor sulphides along the vein/host rock
contact.
Light grey/green felsic igneous rock (probably tuff)
with relict crystals/vitric shards now
chloritised/sericitised. Possible relict vitric
compaction textures.
Light grey vitric tuff with small relict vitric shards
(<5mm) now chloritised with a light
green/white/brown altered section through the core
(see photo below). Moderate selective silica/sericite
alteration.

GM024

GM025

GM026

PCN090

137.4m137.5m

PCN090

140.05m140.15m

PCN090

143.8m143.9m

X

X

X







X

Moderately sericite/chlorite altered vitric tuff with
chalcedonic quartz veins.



Moderately sericitically and silicically altered breccia
with chalcedonic quartz veining. Possibly a
hydraulic breccia.

X

Light grey/green, highly brecciated (possibly
hydraulic breccia) with small sections of chalcedonic
quartz veins in a porphyritic, vitric/crystal tuff host
rock.
Zircon geochronology sample above the

GM027

GM028

PCN090

PCN090
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68.5-69.4m
105.6106.4m

X

X

X

mineralisation
Zircon geochronology sample below the

X

X

X

mineralisation

Appendix II
Thin section analysis, summaries, observations and photos.

Sample:

GM001A (89.0 m – 89.3 m -PCN090)

Hand Specimen:

Multiphase hydrothermal fluid flow in a porphyritic, acidic tuff. This

sample represents the main concentration of gold mineralisation.

Texture and

Host rock shows porphyritic crystal/vitric tuff (?). Quartz crystals show

Grain size

angular to sub rounded habit (1-5mm). Pseudomorph outlines of feldspar
(1-5mm) now epidote (?) replaced. Fine grained groundmass of quartz and
sericite/chlorite (?) silicically altered.

Mineralogy

Host rock primarily quartz altered groundmass with some sericitic
alteration of once glassy (?) matrix. ~10-20% quartz crystals make up host
rock with some Pseudomorph feldspars (~5%) now replaced. Sample
contains contact between host rock and main multiflux hydrothermal quartz
vein, the main concentration of mineralisation.

Alteration

High silicic alteration of crystals and groundmass close to main quartz

Classification

vein. Transitions to primarily moderate sericite/chlorite alteration of
groundmass. Epidote (?) replacement of feldspars (?) prevalent.

Veins

Half of the sample consists of a massive multiphase hydrothermal quartz/
sulphide vein. The vein consists of a series of coliform banded
quartz/pyrite/arsenopyrite bands with minor inclusions of base metal
sulphides.

Original

Porphyritic crystal/vitric (?) tuff from an acidic porphyritic igneous source.

Specimen
Deformation

Fracture and vein infill is evident with high levels of deformation caused
by hydrothermal veining severely altering the host rock adjacent.

Mineralisation? Mineralisation is dominant throughout the main vein. Predominantly
consists of euhedral, sub euhedral and massive pyrite as well as layers of
coliform banded massive pyrite within bands of coliform quartz. Pyrite
dominates the sulphide content but inclusions of massive chalcopyrite,
sphalerite and possibly arsenopyrite are present throughout. The gold is
concentrated in the late intrusive vein of carbonate and
chalcopyrite/sphalerite see pictures above.
Comments

Thin section is thicker than required (as can be seen from yellow quartz)
hence making mineral identification difficult. Important to note is the
position of the gold being consistently associated with the late vein
carbonate and galena/sphalerite (?)/arsenopyrite (?) vein not the multiphase
quartz/pyrite coliform veins.

Sample:

GM001B (89.0 m – 89.3 m -PCN090)

Hand Specimen:

Multiphase hydrothermal fluid flow consisting of massive sulphides,

coliform and chalcedonic quartz. This sample represents the main concentration of gold
mineralisation.

Texture and

No host rock present. Only Quartz, Carbonate and sulphide veining

Grain size

present. The main quartz texture is multiple phases of coliform banded
quartz and pyrite in both euhedral/sub-hedral form and massive form.

Mineralogy

This sample represents another section of sample GM001, the multiphase
hydrothermal vein. Minerals consist predominantly of coliform and
chalcedonic quartz veins. Euhedral, sub-hedral and massive pyrite is very
common and is the predominant sulphide. Minor inclusions of calcite
veins, low Fe sphalerite, galena and moderate chalcopyrite are present.

Veins

The one large multiphase vein which constitutes the entirety of the sample
is made up of multiple phases of predominantly coliform banded quartz and
sub-hedral/euhedral pyrite. Smaller later veins of carbonate and base metal
sulphides are present throughout the sample. Contains some very late
carbonate veining associated with some bright yellow chalcopyrite.

Mineralisation? The mineralisation as discussed is in two prominent forms, multiphase
coliform banded quartz pyrite and later vein replacement of carbonate
associated with moderate amounts of chalcopyrite, minor galena, sphalerite
(?)/arsenopyrite (?) and the main concentration of gold mineralisation. The
massive galena, chalcopyrite and sphalerite (?)/arsenopyrite (?) exists as a
later phase of minerals surrounding the previously crystallised pyrite and
quartz, infilling pore spaces around previous minerals and infilling in situ
fractures.
Comments

Not as much gold found as in A and C, not necessarily representative of the
gold concentration of this section of the vein.

Sample:

GM001C (89.0 m – 89.3 m -PCN090)

Hand Specimen:

Multiphase hydrothermal fluid flow consisting of massive sulphides,

coliform and chalcedonic quartz. This sample represents the main concentration of gold
mineralisation.

Texture and

No host rock present. Only quartz, carbonate and sulphide veining present.

Grain size

The main quartz texture is multiple phases of coliform banded quartz and
pyrite in both euhedral/sub-hedral form and massive form. Some
chalcedonic quartz observed.

Mineralogy

This sample represents another section of sample GM001, the multiphase
hydrothermal vein. Minerals consist predominantly of coliform and
chalcedonic quartz veins. Euhedral, sub-hedral and massive pyrite is very
common and is the predominant sulphide. Minor inclusions of calcite
veins, low Fe sphalerite, galena and moderate chalcopyrite are present.

Veins

The one large multiphase vein which constitutes the entirety of the sample
is made up of multiple phases of predominantly coliform banded quartz and
sub-hedral/euhedral pyrite. Smaller later veins of carbonate and base metal
sulphides are present throughout the sample. One very late vein of
carbonate cuts all other minerals and sulphides.

Mineralisation? The mineralisation as discussed is in two prominent forms, multiphase
coliform banded quartz pyrite and later vein replacement of carbonate
associated with moderate amounts of chalcopyrite, minor galena, sphalerite
(?)/arsenopyrite (?) and the main concentration of gold mineralisation. The
massive galena, chalcopyrite and sphalerite (?)/arsenopyrite (?) exists as a
later phase of minerals surrounding the previously crystallised pyrite and
quartz, infilling pore spaces around previous minerals and infilling in situ
fractures.

Sample:

GM001D (89.0 m – 89.3 m -PCN090)

Hand Specimen:

Multiphase hydrothermal fluid flow consisting of massive sulphides,

coliform and chalcedonic quartz. This sample represents the main concentration of gold
mineralisation.

Texture and

No host rock present. Only quartz, carbonate and sulphide veining present.

Grain size

The main quartz texture is multiple phases of coliform banded quartz and
pyrite in both euhedral/sub-hedral form and massive form. Some
chalcedonic quartz observed.

Mineralogy

This sample represents another section of sample GM001, the multiphase
hydrothermal vein. Minerals consist predominantly of coliform and
chalcedonic quartz veins. Euhedral, sub-hedral and massive pyrite is very
common and is the predominant sulphide. Minor inclusions of calcite
veins, low Fe sphalerite, galena and moderate chalcopyrite are present.

Veins

The one large multiphase vein which constitutes the entirety of the sample
is made up of multiple phases of predominantly coliform banded quartz and
sub-hedral/euhedral pyrite. Smaller later veins of carbonate and base metal
sulphides are present throughout the sample. One very late vein of
carbonate cuts all other minerals and sulphides.

Mineralisation? The mineralisation as discussed is in two prominent forms, multiphase
coliform banded quartz pyrite and later vein replacement of carbonate
associated with moderate amounts of chalcopyrite, minor galena, sphalerite
(?)/arsenopyrite (?) and the main concentration of gold mineralisation. The
massive galena, chalcopyrite and sphalerite (?)/arsenopyrite (?) exists as a
later phase of minerals surrounding the previously crystallised pyrite and
quartz, infilling pore spaces around previous minerals and infilling in situ
fractures.

Sample:

GM002 (88.4m-88.5m-PCN090)

Hand Specimen:

Light grey/green, porphyritic crystal tuff with moderate (2cm) coliform

banded quartz/pyrite vein. Rounded to sub rounded quartz crystals in a highly
silicically/sericitically altered, fine grained, silicic matrix.

Texture and

Porphyritic crystal/vitric (?) tuff. Very fine grained sericitic/chloritic

Grain size

(?)/quartz groundmass. Quartz crystals are rounded to sub rounded (15mm) and some show signs of magmatic resorbtion. Some quartz crystals
fractured in situ with late carbonate infill of some fractures. Pseudomorph
felsic crystals now replaced by sericite (1-5mm) and overprinting by quartz
alteration.

Mineralogy

Primarily quartz crystals (~15%) and fine grained quartz altered
groundmass. Moderate sericite alteration of groundmass and some
pseudomorph feldspars (?). Possible sericite/chlorite alteration of vitric
fragments accompanied by epidote (?) alteration.

Alteration

Moderate silicic/sericite alteration of fine grained groundmass. Moderate

Classification

alteration of vitric fragments to chlorite/epidote (?). Moderate sericite
alteration of pseudomorph feldspars (?).

Veins

Moderate, coliform banded, quartz/sub-hedral pyrite banded vein through
centre. Some minor to late carbonate filled veins dissect host rock but
uncertain of time comparison to coliform quartz/pyrite vein.

Original

Porphyritic crystal/vitric tuff in a fine grained, glassy (?) tuffaceous matrix

Specimen

from an acidic igneous source. Minor sub hedral pyrite disseminated but
concentrated in sericitic areas.

Mineralisation? Moderate sub hedral pyrite bands within coliform banded quartz vein,
accompanied by minor sphalerite and galena proximal to one side of the
vein.
Comments

Galena and sphalerite appear to represent a separate phase of sulphide
mineralisation in the coliform banding.

Sample:

GM003A (84.55 m – 84.65 m -PCN090)

Hand Specimen:

Multiphase hydrothermal fluid flow consisting of massive sulphides,

coliform and chalcedonic quartz. The second most prominent concentration of gold
mineralisation.

Texture and

No host rock is present in this thin section sample. The sample consists of

Grain size

predominantly coliform and chalcedonic quartz accompanied by massive,
euhedral and sub-hedral pyrite as well as late veining of base metal
sulphides (predominantly galena and chalcopyrite with some minor
sphalerite (?) and arsenopyrite (?)) and carbonates. Base metal sulphides
associated with late carbonate veining show massive habits forming around
the previous quartz/pyrite veining.

Mineralogy

Primary mineralogy in this sample consists of quartz in both coliform
banding and some pyrite included within some quartz coliform bands.
Pyrite makes up the majority of sulphides with moderate levels of
chalcopyrite accompanied by small amounts of galena and sphalerite.
Minor, very late carbonate is observable in both thin section and hand
specimen, overriding all previous veining events. Sphalerite exhibits a
light brown/red colour (low Fe) in PPL transmitted light.

Veins

The entire sample consists of an array of veins crosscutting and
remobilising to make one larger multiphase vein. First veins exist as a
series of fluid fluxes creating a series of chalcedonic and coliform quartz
veins. Following fluid flows deposited a series of base metal sulphides
accompanied by gold and carbonates.

Mineralisation? As previously described, mineralisation occurs as primarily pyrite in
massive and sub-hedral/euhedral coliform bands associated with the
multiple phases of hydrothermal fluid flow. Economic mineralisation
occurs as late veins of chalcopyrite, minor galena and minor sphalerite
infilling remaining spaces and in situ fractures of previous pyrite. Gold
mineralisation is associated with this late veining of calcite and base metal
sulphides.
Comments

Sample GM003 shows very similar characteristics to that of GM001
however precipitation of pyrite seems slightly less and veining involves
higher levels of quartz.

Sample:

GM003B (84.55 m – 84.65 m -PCN090)

Hand Specimen:

Multiphase hydrothermal fluid flow consisting of massive sulphides,

coliform and chalcedonic quartz. The second most prominent concentration of gold
mineralisation.

Texture and

No host rock is present in this thin section sample. The sample consists of

Grain size

predominantly coliform and chalcedonic quartz accompanied by massive,
euhedral and sub-hedral pyrite as well as late veining of base metal
sulphides (predominantly galena and chalcopyrite with some minor
sphalerite (?) and arsenopyrite (?)) and carbonates. Base metal sulphides
associated with late carbonate veining show massive habits forming around
the previous quartz/pyrite veining.

Mineralogy

Primary mineralogy in this sample consists of quartz in both coliform
banding and some pyrite included within some quartz coliform bands.
Pyrite makes up the majority of sulphides with moderate levels of
chalcopyrite accompanied by small amounts of galena and sphalerite.
Minor, very late carbonate is observable in both thin section and hand
specimen, overriding all previous veining events. Sphalerite exhibits a
light brown/red colour (low Fe) in PPL transmitted light.

Veins

The entire sample consists of an array of veins crosscutting and
remobilising to make one larger multiphase vein. First veins exist as a
series of fluid fluxes creating a series of chalcedonic and coliform quartz
veins. Following fluid flows deposited a series of base metal sulphides
accompanied by gold and carbonates.

Mineralisation? As previously described, mineralisation occurs as primarily pyrite in
massive and sub-hedral/euhedral coliform bands associated with the
multiple phases of hydrothermal fluid flow. Economic mineralisation
occurs as late veins of chalcopyrite, minor galena and minor sphalerite
infilling remaining spaces and in situ fractures of previous pyrite. Gold
mineralisation is associated with this late veining of calcite and base metal
sulphides (see picture on previous page).
Comments

Sample GM003 shows very similar characteristics to that of GM001
however precipitation of pyrite seems slightly less and veining involves
higher levels of quartz.

Sample:

GM004 (81.8m-81.9m-PCN090)

Hand Specimen:

Highly sericitically/silicically altered breccia. Sub rounded – sub

angular breccia fragments of crystal tuff remobilised. High levels disseminate sulphides
(predominantly pyrite) through flow bands and matrix. Large brecciated fragments show in
situ fracturing.

Texture and

Brecciated porphyritic crystal/vitric tuff. Rounded quartz crystals. Some

Grain size

quartz highly silica altered whilst others show magmatic resorbtion. Clasts
of crystal tuffs with fine grained quartz/sericite groundmass. Quartz shows
abundant in situ fracturing and recrystallisation. Breccia groundmass
consists of predominantly fine grained sericite/chlorite (?). Large vacancy
shows infill (possibly vein) of quartz and pyrite.

Mineralogy

Predominantly quartz phenocrysts (20~30%) in situ or recrystallised in fine
grained groundmasses of quartz and predominantly sericite/chlorite.

Alteration

High level chlorite sericite alteration dominating groundmass.

Classification
Veins

Possible vein of infill quartz and accompanied by sub-hedral pyrite. Some
massive sulphides apart of clasts (see photo above) whilst others are
concentrated in breccia matrix. Moderate disseminated sub-hedral pyrite
throughout but concentrated in the matrix predominantly.

Original

Porphyritic crystal/vitric tuff in a very fine grained, once glassy (?)

Specimen

groundmass from a highly evolved acidic igneous source.

Deformation

Brecciated (possibly hydraulic?).

Mineralisation? Possible vein of infill quartz and accompanied by sub-hedral pyrite. Some
massive sulphides apart of clasts (see photo above) whilst others are
concentrated in breccia matrix. Moderate disseminated sub-hedral pyrite
throughout but concentrated in the matrix predominantly.

Sample:

GM005 (79.5m-79.6m-PCN090)

Hand Specimen:

Highly silicically altered crystal tuff. Small rounded/ sub rounded

quartz crystals present (<5mm). Large quartz/carbonate and massive pyrite veins cut the
sample with remnant crystals from the host rock remobilised in the veins.

Texture and

No host rock present. Only quartz, carbonate and sulphide veining present.

Grain size

The sample contains a series of veins cross cutting and fracturing each
other. Textural characteristic of the veins are variable with some section
showing chalcedonic veining, others show a more crystalline massive
quartz/pyrite. Late cutting euhedral quartz crystal vein cuts a large portion
of the sample. Late overriding massive chalcopyrite is apparent with
carbonates. Large massive carbonate vein is present in a later period with
very distinguishable cleavage.

Mineralogy

The sample consists of predominantly early chalcedonic massive quartz
along with the predominant sulphide mineral being pyrite. Late moderate
late carbonate accompanied by minor chalcopyrite, both infilling fractures,
vacancies and in situ fractures of pyrite

Veins

The original vein as appears in thin section is a chalcedonic quartz vein
which appear to be overridden by a more massive habit quartz/euhedral to
sub-hedral pyrite phase. A third phase of fluid influx is characterised by
carbonates accompanied by massive chalcopyrite infilling fractures,
vacancies and in situ fractures of previous crystals of pyrite. An even later,
sulphide baron vein cuts the sample causing recrystallisation along the
contacts with massive habit quartz lining the vein with massive carbonate
infill of the centre.

Mineralisation? This vein represents only a minor portion of Pipeline Mineralisation.
Predominant mineralisation consists of early pyrite however minor
chalcopyrite and galena is present in filling vacancies and fractures as
previously discussed.

Sample:

GM006 (76.6m-76.7m-PCN090)

Hand Specimen:

Light grey/green/brown crystal/vitric tuff. Highly

sericitically/silicically altered tuff with sericite and chlorite completely altered vitric
fragments?

Texture and

Porphyritic crystal/vitric tuff. Quartz phenocrysts (1-10mm) sub-rounded

Grain size

to rounded habits in very fine grained possibly once glassy, tuffaceous
matrix. Vitric shards, now chloritised show depositional textures.
Pseudomorph feldspars (?) (1-5mm) show relict crystal shapes with
dissolution, quartz crystal growth and carbonate infill.

Mineralogy

Predominantly groundmass of fine grained crystalline quartz/chlorite
(?)/sericite matrix with ~20% quartz phenocrysts. Pseudomorph feldspar
crystal outlines (~5%)

Alteration

Epidote alteration in conjunction with chlorite sericite replacement of

Classification

feldspar (?). Moderate-strong sericite/chlorite alteration of groundmass.

Veins

Some minor fractures present minor carbonate infill.

Original

Porphyritic crystal/vitric tuff in a very fine grained, once glassy (?)

Specimen

groundmass from a highly evolved acidic igneous source.

Mineralisation? Minor disseminated sub-hedral to euhedral pyrite predominantly associated
with the chlorite (?) /sericite alteration of vitric shards and groundmass.

Sample:

GM007 (73.3m-73.4m-PCN090)

Hand Specimen:

Light green/brown, rounded-sub rounded crystal tuff with small quartz

crystals present. Moderate-high levels of sericitic/chloritic alteration overriding possible
vitric fragments?

Texture and

Porphyritic crystal tuff. Sub-rounded to rounded quartz phenocrysts

Grain size

dominate, showing signs of magmatic resorbtion. Quartz crystals
commonly fractured in situ and magmatic resorbtion happening along these
fractures. Pseudomorph feldspars (?) now completely sericite replaced.
Groundmass primarily fine grained quartz/chlorite (?) and some sericite.
Once glassy vitric fragments now replaced by chlorite (?) and sericite.

Mineralogy

Primarily consists of quartz/chlorite (?) matrix with dominant quartz
phenocrysts (~20%). Relict feldspar crystal sites (now sericite) (~5%).

Alteration

Moderate to high sericite alteration of feldspars and possibly once glassy

Classification

matrix (?). Moderate silica/chlorite (?) alteration of fine grained, once
glassy (?) tuffaceous matrix.

Veins

No veins observed.

Original

Porphyritic crystal tuff of a fine grained, once glassy, tuffaceous matrix

Specimen

from an acidic, igneous source.

Mineralisation? Sub-hedral disseminated pyrite concentrated in once glassy fragments
Porphyritic vitric/crystal tuff in a fine grained quartz crystal/vitric matrix
from a porphyritic acidic igneous source.

Sample:

GM008 (68.75m-68.8m-PCN090)

Hand Specimen:

Very coarse vitric/crystal/lithic tuff/breccia. Very large crystals

(>2cm) lithic fragments present with flow banded glassy matrix surrounding crystals and
fragments. Feldspar crystals also present but sample is moderately sericitically altered.
Large crystals appear fractured in situ.

Texture and

Highly porphyritic quartz (1-15mm) and relict alkali feldspar (?) (1-10mm)

Grain size

crystals in a very fine grained matrix. Sub-angular to angular quartz
present with high levels of in situ fractures. Fine grained matrix of
predominantly highly foliated sericite (and possibly chlorite). Groundmass
shows depositional textures of flow around larger crystals. Inclusion of
rounded clast of another crystal tuff present, with highly in situ fractured
crystals. Included tuff clast is a porphyritic, vitric/crystal tuff of fine
grained quartz groundmass. Some K-Feldspar(?) phenocrysts present (210mm) showing signs of dissolution and sericitic alteration.

Mineralogy

Main constituents are quartz crystals (20~30%) in a fine grained, foliated
sericite/ chlorite (?)/ quartz groundmass. K-Feldspar(?) crystals present in
small amounts. Predominantly ground mass of sericite/chlorite (?)/ fine
grained quartz.

Alteration

Moderate to high level sericite/chlorite (?) alteration of once glassy (?)

Classification

groundmass. Moderate sericite alteration of some feldspars.

Veins

Sericite infill of fractures.

Original

Porphyritic crystal tuff n a fine grained glassy (?) groundmass from a

Specimen

porphyritic acidic igneous source.

Deformation

Textures and hand specimen suggest hydraulic brecciation and
remobilisation of crystals and tuff fragments.

Mineralisation? Minor sub-hedral disseminated pyrite with some very minor chalcopyrite
and sphalerite throughout matrix. Some pyrite/chalcopyrite appear in fine
grained crystals which appear serpentinised in XPL and exhibit no colour
and very little relief in PPL. See photos above.
Comments

Possibly a hydraulic breccia from fluid flow remobilising crystals and tuff
fragments. Least altered section of core shows a possible alkali feldspar
with certain areas showing different extinction angles which does not
appear to be twinning but exolution of and alkali feldspar undergoing slow
cooling.

Sample:

GM009 (63.8-63.9-PCN090)

Hand Specimen:

Dark grey/white crystal/vitric tuff with porphyritic rounded/sub

rounded quartz crystals with small remnant vitric fragments showing possible flow textures.

Texture and

Porphyritic texture with predominantly quartz crystals and relict outlines of

Grain size

feldspar (?) crystals. Quartz crystals are abundant (1-5mm) and exhibit
sub-rounded to sub-angular habits with in situ fractures common.
Pseudomorph feldspar (?) crystal outlines (1-5mm) remain with
replacement by predominantly carbonates and sericite. Chlorite
replacement of glass shows relict form of vitric shards with depositional
and compression textures.

Mineralogy

Predominantly quartz crystals in a fine grained quartz/chlorite groundmass.
~20% phenocrysts are relict feldspars (?) now calcite and sericite. Quartz
and pseudomorph feldspar phenocrysts comprise 30~50% of the rock.
Sericite moderately abundant.

Alteration

Minor carbonate replacement of feldspars (?). Sericite replacing

Classification

carbonates and feldspars (?). Moderate quartz/chlorite replacement of once
glassy(?) groundmass.

Veins

No prominent veins observed.

Original

Porphyritic vitric/crystal tuff in a fine grained quartz crystal/glassy matrix

Specimen

from a porphyritic acidic igneous source

Mineralisation? Disseminated minor sub-hedral pyrite.

Sample:

GM010 (59.9m-59.95m-PCN090)

Hand Specimen:

Coarse grained porphyritic, lithic/vitric?/crystal tuff. Possible remnant

vitric fragments now chloritised. Relict feldspar crystals present? Now highly sericite
altered. Moderate disseminated sulphide present.

Texture and

Fine grained (2-5mm) porphyritic crystal/vitric (?) tuff. Highly abundant

Grain size

phenocrysts of sub rounded to sub angular quartz crystals (<5mm).
Pseudomorph feldspar phenocrysts (<5mm) replaced by carbonate and
sericite. Highly crystalline in a fine grained, once glassy matrix now quartz
replaced.

Mineralogy

Predominantly quartz replaced matrix with abundant quartz phenocrysts.
Quartz and feldspar phenocrysts comprise 30~50% of the rock. Moderate
abundance of carbonate and sericite replacement of feldspar crystals.
Quartz alteration of sericite/carbonate progressing. Chlorite replacement of
vitric shards (?).

Alteration

Moderate sericite/carbonate replacement of feldspars. High level silicic

Classification

alteration of groundmass and replacement of sericite/carbonate.

Original

Highly crystalline, porphyritic crystal/vitric (?) tuff in a very fine once

Specimen

glassy (?) matrix from a porphyritic, acidic rhyolite (?) source.

Mineralisation? Minor disseminated pyrite crystals present.

Sample:

GM011 (51.6m-51.65m-PCN090)

Hand Specimen:

Very fine grained, well sorted quartz tuff. Then section was unable to

be produced as the sample did not remain stuck to glass slide during preparation. All
observations are in hand specimen.

Texture and

Very fine grained and equigranular.

Grain size
Mineralogy

Appears to be almost entirely quartz grains

Original

Very fine grained equigranular quartz tuff.

Specimen
Comments

Thin section would be required for accurate analysis and naming.

Sample:

GM012 (47.5m-47.55m-PCN090)

Hand Specimen:

Very fine grained tuff with very fine grained chlorite altered glassy

matrix?

Texture and

Very fine grained, equigranular quartz crystals in a groundmass of fine

Grain size

grained chlorite and chlorite porphyroblasts.

Mineralogy

95~chlorite in fine grained groundmass and porphyroblasts. Very fine
grained quartz crystals ~5%

Alteration

Very high chlorite alteration and devitrification of groundmass resulting in

Classification

fine grained and porphyroblastic chlorite.

Original

Highly vitric, very fine grained vitric tuff from an acidic igneous source.

Specimen
Comments

Small section of highly vitric tuff only one fraction of the host rock.

Sample:

GM013 (94.7m-94.75m-PCN090)

Hand Specimen:

Coarse grained, remobilised porphyritic tuff with rounded – sub

rounded quartz crystals in a fine grained tuffaceous matrix. Moderate to high sericite/chlorite
alteration.

Texture and

Coarse porphyritic grained crystal tuff (2-20mm) brecciated. Grains

Grain size

rounded to sub rounded. Previous voids/dissolved crystals showing relict
tabular habits, resulted with tabular quartz growth from the edge inwards
then later in filled by carbonates. Late carbonate infill of fractures.
Pseudomorph feldspar (,1cm) identifiable by sericitic replacement and
quartz crystal growth inward. Quartz crystals show angular to rounded
habits with some evidence of magmatic resorbtion and in situ fracturing.

Mineralogy

Predominantly quartz/chlorite (?)/sericite groundmass with ~5% quartz
phenocrysts. Carbonates replacing dissolved minerals.

Alteration

Moderate sericite/chlorite alteration of groundmass. Chlorite sericite

Classification

replacement of vitric shards.

Veins

Late fractures replaced with carbonate and larger crystal sericitic infill.

Original

Porphyritic quartz/feldspar crystal vitric tuff from an acidic igneous source.

Specimen
Deformation

Remobilisation and brecciation in in situ.

Mineralisation? Sphalerite infill of some dissolved voids. Minor disseminated sub-hedral
pyrite concentrated along sericite/chlorite altered vitric fragments.
Comments

Dissolution of phenocrysts, quartz growth and carbonate infill is indicative
of low temperature conditions. Sphalerite infill of dissolved phenocrysts
evidence of late sphalerite deposition following deposition of the rock.

Sample:

GM014 (101.65m-101.75m-PCN090)

Hand Specimen:

Possible crystal/vitric tuff with some possible relict vitric fragments.

Quartz stock work cuts the sample in multiple places and contains cavities throughout the
quartz veins. Pseudomorphic feldspar crystals now sericitised?

Texture and

Vuggy crosscutting quartz stock work veins throughout. Pseudomorph

Grain size

porphyritic feldspar crystals (2-15mm) now sericitic. Fine grained
crystalline or cherty quartz/chlorite groundmass. Quartz phenocrysts show
evidence of magmatic resorbtion and rounding as well as in situ fracturing.

Mineralogy

Predominantly very fine grained quartz/chlorite matrix of once glassy
devitrified tuffaceous matrix. Pseudomorph phenocrysts of once feldspars
(?) now carbonates and sericite (~10%). Quartz veins prominent taking
~10% of the thin section.

Alteration

Moderate carbonate/sericite replacement of feldspars (?). High level

Classification

silicic/chloritic alteration of groundmass and vitric shards.

Veins

Large prominent, very vuggy, spacious crystalline quartz dissects the
sample. Vein contains minor inclusions of host rock. Vein shows no
inclusion of carbonates or sulphide mineralisation.

Original

Porphyritic feldspar/quartz crystal/vitric tuff in a fine grained, once glassy,

Specimen

tuffaceous matrix from a porphyritic acidic igneous source.

Mineralisation? Sample shows negligible mineralisation.
Comments

Lack of mineralisation and vuggy nature of the vein suggests the vein is not
related to the main mineralisation concentration vein. Possibly a much
later event (?).

Sample:

GM015 (104.8m-104.9m-PCN090)

Hand Specimen:

Light grey/brownish crystal/vitric tuff. Possible vitric shards with flow

depositional textures and moderate to high level sericitic/silicic/chloritic alteration.
Carbonate/quartz vein intersects host rock with moderate mineralisation along the contact.

Texture and

Flow banding and compressional textures of vitric shards. Porphyritic

Grain size

pseudomorphed felsic crystals (1-10mm) now highly sericitically altered.
Quartz crystals sub-rounded to round with signs of magmatic resorbtion.
Moderate vitric shards (5-30mm) show compressional textures and
inclusions of quartz phenocrysts. Very fine grained, quartz/chlorite matrix.

Mineralogy

Predominantly fine grained quartz/chlorite groundmass with ~20%
phenocrysts of predominantly quartz. Some relict feldspar (?) crystals
replaced by carbonates and sericite.

Alteration

Moderate to high silicic/chloritic alteration of groundmass. Chlorite

Classification

replacement of vitric shards. Minor carbonate and sericitic replacement of
feldspars (?).

Veins

Quartz carbonate vein intersects sample with sulphide mineralisation along
the host rock/vein contact (Sphalerite, Chalcopyrite, Galena).

Original

Porphyritic vitric/crystal tuff in a fine grained quartz crystal/vitric matrix

Specimen

from a porphyritic acidic igneous source.

Sample:

GM016 (106.8m-106.9m-PCN090)

Hand Specimen:

Interbedded fine grained tuff and porphyritic crystal tuffs. Possible

relict feldspar crystals (see photo below) now highly altered to sericite. High levels of
silicic/sericitic alteration. Possible relict vitric fragments? Now chlorite/sericite?

Texture and

Porphyritic crystals of quartz (1-5mm) and pseudomorphedfeldspars

Grain size

(?)(<3mm). Rounded-Sub rounded quartz phenocrysts show signs of
magmatic resorbtion and in situ fracturing. Large vitric fragment outlines
visible (5-20mm) now replaced by chlorite and quartz. Groundmass of fine
grained/cherty quartz and chlorite (?)

Mineralogy

Predominantly quartz/chlorite groundmass with phenocrysts 10~20%.
Phenocrysts predominantly quartz but a few relict feldspar outlines remain
(now carbonate and sericite).

Alteration

Moderate carbonate replacement of feldspars followed by sericite. Strong

Classification

chlorite/silica alteration of vitric fragments and matrix

Veins

Minor fractures in filled with minor amounts of carbonates

Original

Porphyritic vitric/crystal tuff in a fine grained quartz crystal/vitric matrix

Specimen

from a porphyritic acidic igneous source.

Mineralisation? Minor disseminated blebs of massive pyrite and chalcopyrite (<1mm).
Comments

Hand section appears to contain a very fine tuff section interlayered with
the crystal/vitric tuff.

Sample:

GM017 (108.5m-108.6m-PCN090)

Hand Specimen:

Light grey/green porphyritic crystal tuff. Possible relict vitric

fragments or highly chlorite altered feldspars? Moderate to high levels of silica and sericite
alteration.

Texture and

Porphyritic texture. Rounded/sub rounded quartz crystals (1-10mm). Very

Grain size

fine grained groundmass of cherty/fine granular quartz and chlorite. Relict
outlines of feldspars(?) visible (<5mm), now sericite.
Relict vitric fragments remain now selectively altered to chlorite/sericite.

Mineralogy

Predominantly fine grained quartzic/chlorite groundmass. Phenocrysts
predominantly quartz with some pseudomorphed feldspars (?) now
sericitised. Some relict vitric fragments remain, now chloritised.

Alteration

Moderate sericite/chlorite alteration of vitric fragments, feldspars and

Classification

groundmass

Veins

Very vuggy/vacant fractures in filled by some carbonates, but only small
(<2mm).

Original

Porphyritic crystal/vitric tuff in a fine grained quartz/glassy (?) groundmass

Specimen

from an acidic volcanic source.

Mineralisation? 2 blebs of massive chalcopyrite observed (<2mm) with very minor
disseminated, sub-hedral pyrite concentrated in relict vitric fragments.

Sample:

GM018 (110.8m-110.9m-PCN090)

Hand Specimen:

Light grey/green, porphyritic crystal/vitric tuff. Some relict vitric

fragments remain. Rounded quartz crystals present with possible feldspar crystals now
highly sericitically altered. Quartz vein present through sample with possibly remobilised
crystals from host rock.

Texture and

Groundmass of porphyritic texture with moderate-small rounded/sub

Grain size

rounded quartz crystals (2-15mm). Pseudomorph feldspar outlines
replaced with sericite alteration (~2-5mm). Groundmass of fine grained
cherty or crystal quartz and chlorite. Rounded quartz phenocrysts show
signs of magmatic resorbtion.

Mineralogy

Vein dissecting half the sample (see photo above) consists of hydrothermal
quartz, carbonates and chalcedonic quartz. Host rock is primarily fine
grained quartz and chlorite groundmass with ~10% phenocrysts and vitric
(now chlorite) fragments.

Alteration

Moderate sericite replacement of feldspars (?) with chlorite alteration of

Classification

vitric fragments and possibly once glassy/quartzic groundmass. High silica
alteration as a result of proximity to vein.

Veins

Large multiflux vein dissects the sample with the inner section comprising
of

Original

Quartz, feldspar (?) porphyritic crystal/vitric tuff in a fine grained

Specimen

quartzic/possibly glassy groundmass.

Mineralisation? Minor blebs of chalcopyrite mineralisation in host rock, filling vacancies.
Disseminated sub-hedral pyrite (?)/arsenopyrite(?) concentrated in fractures
and vitric fragments.
Comments

Undulose High temperature quartz crystals provide nucleus for chalcedonic
quartz alteration overriding previous low temperature alkaline calcite

Sample:

GM019 (114.3m-114.4m-PCN090)

Hand Specimen:

Light green/grey, moderately silicically/sericitically/chloritically

altered porphyritic crystal/vitric tuff. Relict glass shards chloritically/sericitically altered
with highly altered possible feldspar crystals. Small rounded quartz crystals present.

Texture and

Porphyritic texture with small to moderate (2-20mm crystals) of quartz and

Grain size

possibly pseudomorphed feldspar crystals? (2-20mm now highly sericite
altered). Relic glass shards show flow banding and compressional textures.
Multi-flux quartz vein of both massive and chalcedonic habits cuts sample.
Rounded crystals of quartz fractured in situ. Quartz and feldspar (?)
phenocrysts remobilised to form part of the vein dissecting the sample.

Mineralogy

Previous feldspar (phenocrysts) now sericite and carbonates. Sample
predominantly quartz crystals in groundmass of very fine crystal chlorite.

Alteration

Moderate sericite/carbonate replacement of feldspars. Chloritisation of

Classification

vitric fragments. Moderate hydrothermal, silicic alteration to create quartz
groundmass.

Veins

Moderate quartz vein of chalcedonic rimmed and massive centre quartz
vein (remobilised fragments from host rock through centre of vein).

Original

Porphyritic, crystal/vitric tuff in a fine grained, possible glassy(?) matrix

Specimen

from an acidic igneous source.

Mineralisation? Very minor disseminated euhedral pyrite crystals in vitric fragments with a
few minor blebs of massive habit pyrite.
Comments

Chalcedonic/coliform banded quartz vein suggests multiple influxes of
silicic hydrothermal fluid.

Sample:

GM020 (117.2m-117.3m-PCN090)

Hand Specimen:

Light-dark grey, porphyritic vitric/crystal tuff now highly

chloritically/sericitically altered. Some relict glass fragments exhibit flow textures however
chloritically altered. Minor disseminated pyrite present.

Texture and

Porphyritic crystal/vitric tuff with moderately abundant rounded/sub

Grain size

rounded quartz crystals (2mm-20mm). Some quartz crystals show in situ
fracturing and strong magmatic resorbtion around the edges due to
probable fluctuating temperatures. Pseudomorph outlines of feldspar
phenocrysts present (<15mm). Compressed vitric shards remnant with
flow banding visible.

Mineralogy

Feldspars replaced by sericite alteration. Predominantly fine grained quartz
matrix with remnant rounded/sub-rounded, recrystallised quartz crystals.
Minor carbonate observed. Fine grained quartz/chlorite groundmass.

Alteration

Minor sericite alteration replaced by high level hydrothermal silicic

Classification

alteration. Moderate chlorite alteration of once glassy groundmass?

Veins

Possible minor carbonate veins observed being replaced by quartz
crystallisation.

Original

Porphyritic crystal/vitric tuff in a very fine grained, possibly glassy(?)

Specimen

matrix from a porphyritic acidic felsic source.

Mineralisation? Minor disseminated euhedral pyrite with some slightly large massive pyrite
blebs.

Sample:

GM021 (119.5m-199.6m-PCN090)

Hand Specimen:

Porphyritic vitric/crystal tuff with some relict vitric shards now

chloritised. A moderate quartz vein dissects the sample splitting into multiple veins. This
massive quartz vein shows little mineralisation except minor sulphides along the vein/host
rock contact.

Texture and

Crystal/vitric tuff with small phenocrysts of feldspars? (<1cm) now

Grain size

replaced by sericite. Very fine grained quartz groundmass. Massive
quartz/carbonate veins with smaller crystals along cooling margin.
Carbonates located adjacent to the cooling margin (contact with host rock)
and are smaller crystals than that of the quartz vein core. Rounded quartz
phenocrysts present with magmatically resorbed outlines (<3mm).

Mineralogy

Predominantly all quartz with minor sericite replacing feldspar
phenocrysts. Matrix now very fine quartz. Veins are predominantly quartz
(massive) with moderate carbonates along the edges.

Alteration

Minor sericite replacement of feldspars. Moderate to high silicic alteration

Classification

replacing (possibly) fine grained glassy matrix(?).

Alteration

Predominantly silica throughout with minor sericite replacement of

Minerals

feldspars.

Veins

Moderate, massive quartz vein dissects the sample and splits into multiple
veins. Calcit located adjacent to cooling margins.

Original

Crystal/vitric(?) tuff in a very fine grained, possibly glassy matrix from a

Specimen

porphyritic acidic felsic source.

Mineralisation? Minor mineralisation occurs in host rock in the form of small disseminated,
euhedral pyrite crystals.
Comments

Large veins appear baron of mineralisation and appear to have little effect
on host rock. Possibly late vein not related to the mineralisation of the
deposit?

Sample:

GM022 (123.85m-123.95m-PCN090)

Hand Specimen:

Light grey/green felsic igneous rock (probably tuff) with relict

crystals/vitric shards now chloritised/sericitised. Possible relict vitric compaction textures.

Texture and

Porphyritic texture with rounded quartz crystals (<1cm). Pseudomorphed

Grain size

possible feldspar crystals? (<1cm) now sericitised. Very fine light grey
tuffaceous matrix, once glassy? Phenocrystic quartz now rounded/sub –
rounded, showing edges magmatically resorbed with some fractured in situ.
Some quartz crystals show recrystallisation textures around edges causing
rounding of crystals. Possible relict glass shards now chloritised (<1cm).
Some euhedral quartz crystal infill of fracture vacancies along edge with
later carbonate infill of the centre.

Mineralogy

Predominantly silica. Sericite alteration replacing once phenocrystic
feldspars. Sericite prevalent throughout sample however being overridden
by quartz crystallisation. Silica predominant with recrystallisation of once
glassy matrix.

Alteration

Moderate sericite alteration being overridden by high level silicic alteration

Classification
Alteration

Sample is predominantly silica and sericite with no feldspars remaining.

Minerals

Minor carbonate present but being replaced by quartz.

Veins

Minor carbonate vein present but predominantly replaced by quartz.
Smaller quartz vein present probably previously carbonate replaced by
quartz.

Original

Crystal/vitric tuff in a very fine grained/glassy (?) matrix. Sourced from a

Specimen

porphyritic acidic felsic source.

Comments

High levels of quartz recrystallisation and replacement of carbonates
suggest hydrothermal alteration predates carbonates in this sample.

Sample:

GM023 (133.3m-133.4m-PCN090)

Hand Specimen:

Light grey vitric tuff with small relict vitric shards (<5mm) now

chloritised with a light green/white/brown altered section through the core (see photo below).
Moderate selective silica/sericite alteration.

Texture and

Porphyritic texture with relict glass shards (> 1cm). Relict vitric fragments

Grain size

show compression textures and high levels of sericite in highly altered
section. Small (<5mm) rounded-sub rounded quartz crystals present in fine
grained once glassy matrix. Once feldspar phenocrysts (<5mm) now
sericite/quartz.

Mineralogy

Predominantly silica. Selective sericite alteration replacing once
phenocrystic feldspars. Sericite prevalent throughout sample however
being overridden by quartz crystallisation. Silica predominant with
recrystallisation of once glassy matrix.

Alteration

Moderate sericitic alteration with overriding strong quartz alteration.

Classification
Alteration

Predominantly quartz overriding sericitic alteration and once glassy matrix.

Minerals

Some sericite replace feldspars now showing cuspate quartz alteration and
crystallisation. Some carbonate inclusions remain.

Original

Rhyolitic crystal/vitric tuff in a once extremely fine grained glassy matrix

Specimen

from a porphyritic acidic felsic source.

Mineralisation? Very little mineralisation however one small inclusion of pyrite being
replace by quartz.

Sample:

GM024 (137.4m-137.5m-PCN090)

Hand Specimen:
veins.

Moderately sericite/chlorite altered vitric tuff with chalcedonic quartz

Texture and

Porphyritic texture with .2-1cm glassy fragments but highly variable.

Grain size

Matrix predominantly silicically and sericitically altered. Alteration levels
make previous crystals hard to observe. Vitric shards show depositional
textures of compaction around other grains and crystals. Quartz crystals
dominant in sub rounded-rounded form (<10mm). Some quartz crystals
show magmatically resorbed edges. Fine grained crystal or cherty quartz
and chloritised glassy groundmass.

Mineralogy

Predominantly silica and chlorite groundmass but sericite is still highly
abundant. Glassy fragments now highly chloritised but easily seen in hand
specimen.

Alteration

Highly sericitically and silicically altered with chlorite alteration of vitric

Classification

fragments.

Alteration

Predominantly a mix of sericite and quartz both of high alteration levels.

Minerals

Chlorite has completely replaced glassy fragments. Quartz crystals show
rounding and recrystallisation along the edges to finer grained
hydrothermal quartz. Some hydrothermal quartz appears to be overriding
sericite alteration.

Veins

Chalcedonic quartz veins of very fine recrystallised quartz present.
Cooling margins <1mm thick can be observed along the edges of the veins.

Original

Vitric tuff in either a glassy or silicic tuffaceous matrix from a porphyritic

Specimen

acidic felsic source.

Comments

Relict shards and depositional textures of vitric fragments indicate a vitric
tuff.

Sample:

GM025 (140.05m-140.15m-PCN090)

Hand Specimen:

Moderately sericitically and silicically altered breccia with chalcedonic

quartz veining. Possibly a hydraulic breccia.

Texture and

Large brecciated fragments and veins with relict disseminated sulphides.

Grain size

Hard to distinguish individual grains due to intense levels of sericitic and
silicic alteration. Small relict carbonate is present but surrounded by
sericitic alteration. Matrix appears to be a fine grained quartz matrix.

Mineralogy

Siliceous tuffaceous matrix with possibly previously feldspar and quartz
crystals now carbonates and sericitically and silicically altered. Remnant
sulphides disseminated, primarily pyrite with some galena. Some quartz
crystals remain, with edges recrystallised and rounded.

Alteration

Sericite is highly common throughout. Sericite probably occurs as an

Minerals

alteration of the previously tuffaceous or glassy matrix and feldspar
crystals. Silica or secondary quartz is the primary alteration mineral
overriding the sericitic alteration forming high levels of fine recrystallised
quarts throughout.

Alteration

Strong Sericite alteration followed by high intensity hydrothermal silica

Classification

alteration.

Veins

Possibly late veining carbonate is present throughout brecciation fractures.
Appears to have cut quartz alteration along brecciation fractures.

Original

Probably crystal/vitric tuff in a glassy tuffaceous matrix from a coarsely

Specimen

porphyritic acidic felsic source.

Deformation

Brecciated

Comments

Close to end of hole and still showing minor remnants of mineralisation.
Large section of chalcedonic quartz vein appears in hand specimen.

Sample:

GM026 (143.8m-143.9m-PCN090)

Hand Specimen:

Light grey/green, highly brecciated (possibly hydraulic breccia) with

small sections of chalcedonic quartz veins in a porphyritic, vitric/crystal tuff host rock.

Texture and

Large brecciated fragments of host rock in a very dominant carbonate

Grain size

matrix.

Mineralogy

Predominantly carbonate matrix with minor inclusions of host rock and
quartz phenocrysts.

Alteration

Chlorite/sericite alteration followed by carbonate flushing.

Classification
Veins

Entire sample is a large carbonate vein with small fragments of brecciated
host rock.

Original

Probably crystal/vitric tuff in a glassy tuffaceous matrix from a coarsely

Specimen

porphyritic acidic felsic source.

Comments

Vast majority of the sample consists of carbonates.

Appendix III
Geochronology Data

Labels

U/ppm

Th/ppm

Th/U

f206

207Pb/206Pb

± 7/6

238U/206Pb

± 38/6

AGE 6/38

± age6/38

PR-1.1

672

89

0.13

0.002

0.0554

0.0005

14.821

0.391

421

11

PR-2.1

656

104

0.16

0.002

0.0556

0.0006

14.525

0.395

429

11

PR-3.1

825

168

0.20

0.052

0.0565

0.0033

14.526

0.301

429

9

PR-4.1

1076

239

0.22

0.123

0.0550

0.0033

15.500

0.528

403

13

PR-6.1

642

122

0.19

0.001

0.0546

0.0006

14.430

0.342

432

10

PR-8.1

654

389

0.59

0.031

0.0560

0.0023

15.481

0.543

404

14

PR-18.1

724

134

0.19

0.279

0.0453

0.0076

16.879

0.627

371

13

PR-19.1

482

57

0.12

0.002

0.0533

0.0011

14.524

0.286

429

8

PR-20.1

999

125

0.13

0.499

0.0700

0.0097

15.444

0.561

404

14

PR-21.1

1178

264

0.22

0.550

0.0559

0.0087

19.727

0.967

319

15

PR-22.1

630

169

0.27

0.094

0.0580

0.0082

17.059

0.588

367

12

PR-23.1

1094

216

0.20

0.260

0.0431

0.0142

17.413

0.823

360

17

PR-24.1

924

320

0.35

0.162

0.0664

0.0088

15.477

1.189

404

30

PR-25.1

636

159

0.25

0.025

0.0516

0.0030

16.119

1.043

388

24

PR-26.1

917

214

0.23

0.448

0.0322

0.0086

20.396

1.156

309

17

PR-27.1

799

192

0.24

0.025

0.0561

0.0035

15.969

0.372

392

9

PR-28.1

913

191

0.21

0.007

0.0538

0.0012

14.937

0.501

418
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Labels

U/ppm

Th/ppm

Th/U

f206

207Pb/206Pb

± 7/6

238U/206Pb

± 38/6

AGE 6/38

± age6/38

PR-29.1

699

143

0.21

0.041

0.0558

0.0036

14.545

0.394

429

11

PR-30.1

963

186

0.19

0.011

0.0552

0.0019

14.493

0.320

430

9

PR-31.1

608

153

0.25

0.003

0.0555

0.0009

14.810

0.397

421

11

PR-32.1

685

269

0.39

0.017

0.0534

0.0019

14.176

0.509

439

15

PR-33.1

560

107

0.19

0.011

0.0563

0.0019

14.762

0.295

423

8

PR-34.1

727

107

0.15

0.010

0.0542

0.0025

14.657

0.440

425

12

PR-35.1

1041

509

0.49

0.380

0.0582

0.0080

17.089

0.396

367

8

PR-36.1

737

384

0.52

0.227

0.0616

0.0071

14.291

0.677

436

20

PR-37.1

693

145

0.21

0.015

0.0551

0.0018

14.633

0.283

426

8

PR-38.1

468

61

0.13

0.129

0.0523

0.0121

14.498

0.474

430

14

PR-39.1

471

234

0.50

0.243

0.0587

0.0192

12.811

0.452

485

16

PR-40.1

829

367

0.44

0.039

0.0566

0.0026

11.826

0.235

523

10

PR-41.1

792

590

0.74

0.229

0.0543

0.0051

13.968

0.373

446

12

PR-42.1

431

379

0.88

0.044

0.0565

0.0048

12.821

0.256

484

9

PR-43.1

820

50

0.06

0.348

0.0769

0.0119

16.521

0.665

379

15

PR-44.1

1272

277

0.22

0.563

0.0286

0.0086

28.391

1.385

223

11

Table 0.1: GM027 Zircon rim geochronology data

Labels

U/ppm

Th/ppm

Th/U

f206

207Pb/206Pb

± 7/6

238U/206Pb

± 38/6

AGE 6/38

± age6/38

PR-10.1

439

120

0.27

0.001

0.0541

0.0012

15.058

0.670

414

18

PR-11.1

754

86

0.11

0.367

0.0273

0.0404

15.856

1.415

394

34

PR-12.1

568

164

0.29

0.229

0.0366

0.0091

17.030

0.505

368

11

PR-13.1

723

148

0.21

0.035

0.0495

0.0025

15.405

0.343

405

9

PR-15.1

441

197

0.45

0.305

0.0629

0.0117

16.133

0.728

388

17

PR-17.1

844

140

0.17

0.004

0.0556

0.0008

14.642

0.405

426

11

Table 0.2: GM028 Zircon rim geochronology data

Labels

U/ppm

Th/ppm

Th/U

f206

207Pb/206Pb ± 7/6

238U/206Pb

± 38/6

AGE 6/38

± age6/38

PR-3.2

197

130

0.66

0.045

0.0544

0.0046

12.317

0.314

503

12

PR-5.1

703

448

0.64

0.030

0.0575

0.0021

11.972

0.429

517

18

PR-7.1

411

95

0.23

0.041

0.0837

0.0031

5.866

0.130

PR-9.1

803

30

0.04

0.008

0.0591

0.0059

13.249

0.284

PR-9.2

473

82

0.17

0.000

0.1619

0.0015

2.161

PR-45.1

220

74

0.34

0.001

0.0730

0.0017

PR-43.2

175

61

0.35

0.114

0.1856

0.0082

Table 0.3: GM027 Zircon core geochronology data

AGE 7/6

± age7/6

1286

73

0.063

2475

15

5.746

0.235

1012

47

3.643

0.128

2704

75

469

10

Labels

U/ppm

Th/ppm

Th/U

f206

207Pb/206Pb

± 7/6

238U/206Pb

± 38/6

AGE 6/38

± age6/38

PR-14.1

427

295

0.69

0.001

0.0565

0.0008

12.980

0.661

478

24

PR-16.1

363

131

0.36

0.002

0.0551

0.0020

12.472

0.325

497

12

Table 0.4: GM028 Zircon core geochronology data

N.B. F206= portion of pb206 that is in common lead (i.e. not uranogenic origin)
Weighted means have been calculated from the 206pb/238u ages shown.
PR-##.# → Samples excluded from data collection after first pass filter.
PR-##.# → Samples excluded from data collection after second pass filter.
PR-##.# →Samples included in data after both first and second pass filters.

Appendix IV
Geochemical analysis data

Element Units

S
Cl
V
Cr
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Cd
Sn
Sb
Cs
Ba
La
Ce
Hf
Ta
W
Hg
Pb
Bi
Th
U

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

HONS82
4
GM001A
1608
91
11
175
13
7
333
77
8
3
90
<1
<1
120
6
17
85
8
<1
<1
15
14
<4
132
31
38
<1
39
10
<1
171
10
8.6
2.6

HONS82
5
GM002
29450
73
9
157
26
10
394
926
<1
<1
3887
8
<1
107
6
12
71
7
<1
<1
<3
85
<4
92
21
44
<1
35
<1
<1
2965
36
<1
3.4

HONS82
6
GM004
9159
68
11
115
25
6
2729
287
18
2
108
<1
<1
155
6
24
115
9
<1
<1
11
13
<4
151
<2
58
<1
<1
11
<1
189
13
12.8
3.2

HONS82
7
GM006
4825
36
13
110
18
6
4
87
10
3
58
<1
<1
118
5
19
91
6
<1
<1
8
<3
<4
124
24
<2
<1
<1
8
<1
49
1
10
2

HONS82
8
GM008
1822
145
30
111
7
6
68
505
12
1
6
<1
<1
207
12
29
164
11
<1
<1
17
7
<4
531
33
59
<1
22
<1
<1
187
<1
18.4
7.1

HONS82
9
GM009
1636
83
28
97
7
8
10
259
13
2
22
<1
<1
187
5
19
167
10
<1
<1
6
<3
<4
151
32
76
<1
1
<1
<1
8
<1
18.7
20.1

Elemen
t

Units

S
Cl
V
Cr
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Cd
Sn
Sb
Cs
Ba
La
Ce
Hf
Ta
W
Hg
Pb
Bi
Th
U

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

HONS83
0
GM011
55.5
153
2
54
7
7
8
1181
17
2
1
<1
<1
153
30
53
157
12
<1
<1
20
5
<4
110
44
68
<1
2
<1
<1
41
<1
21.7
5.6

HONS83
1
GM013
1572
61
23
121
14
6
3
242
13
3
36
<1
<1
158
8
23
139
9
<1
<1
10
7
<4
277
42
71
<1
<1
<1
<1
26
<1
16.3
2.3

HONS83
2
GM015
6066
78
21
145
<3
5
75
6741
13
7
54
2
<1
146
22
23
135
10
<1
<1
14
25
<4
371
39
<2
<1
2
<1
<1
1502
9
<1
5.3

HONS83
3
GM016
2925
44
10
204
6
5
15
1192
6
4
25
<1
<1
109
14
15
72
7
<1
<1
12
10
<4
243
26
26
<1
4
<1
<1
697
4
<1
2.4

HONS83
4
GM017
3071
51
7
204
14
7
74
1139
8
5
17
<1
<1
79
17
13
43
4
<1
<1
10
19
<4
148
<2
<2
<1
23
<1
<1
66
<1
4.9
1.9

HONS83
5
GM020
3533
73
16
175
11
7
21
123
8
4
28
<1
<1
104
9
15
79
7
<1
<1
9
11
<4
283
25
<2
<1
1
<1
<1
167
3
7.7
4.6

Element Units
S
Cl
V
Cr
Co
Ni
Cu
Zn
Ga
Ge
As
Se
Br
Rb
Sr
Y
Zr
Nb
Mo
Cd
Sn
Sb
Cs
Ba
La
Ce
Hf
Ta
W
Hg
Pb
Bi
Th
U

ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm

HONS836
GM022
2489
40
11
208
11
6
11
57
9
3
21
<1
<1
105
13
14
73
6
<1
<1
13
10
<4
138
25
41
<1
1
7
<1
118
2
7.8
<1

HONS837
GM024
788.2
63
12
158
7
6
4
97
9
4
9
<1
<1
76
6
15
92
7
<1
<1
9
9
<4
112
23
29
<1
<1
9
<1
27
<1
8.7
2.7

HONS838
GM026
3605
87
9
83
14
1
51
414
<1
<1
50
<1
<1
68
220
9
38
4
<1
<1
<3
21
<4
169
9
24
<1
3
<1
<1
1932
11
<1
3.6

Elemen
t
Si

Dimensio
n
ppm

GM001A

GM002

GM004

51299.72

57447.80 47478.89

Al
K

ppm
ppm

4365.58
11245.45

5881.02 3769.85
10904.46 15035.69

Mg
Fe

ppm
ppm

< LOD
40597.38

< LOD
< LOD
72597.06 32528.32

P
Ca
Ti

ppm
ppm
ppm

805.92
691.14
15701.36

897.77
902.87
672.36
431.15
18392.70 16481.53

Mn
Cr
Ni
Si02
Al2O3
K2O
P2O5
SO3
TiO2
ZnO
CaO
Cr2O3
MnO
Fe2O3
NiO2

ppm
ppm
ppm
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %

363.66
174.60
6.90
10.98
0.83
1.36
0.18
0.40
2.62
0.01
0.10
0.03
0.05
5.81
0.00

434.05
156.60
9.80
12.29
1.11
1.32
0.21
7.36
3.07
0.12
0.09
0.02
0.06
10.38
0.00

201.11
114.70
6.10
10.16
0.71
1.82
0.21
2.29
2.75
0.04
0.06
0.02
0.03
4.65
0.00

GM006

GM008

GM009

52150.9
0
5191.25
11552.7
7
< LOD
42915.9
2
760.02
719.99
16057.6
3
391.69
110.20
6.20
11.16
0.98
1.40
0.17
1.21
2.68
0.01
0.10
0.02
0.05
6.14
0.00

58602.3
8
5985.55
18628.4
1
< LOD
18192.6
0
740.81
824.52
16523.5
2
218.74
111.40
6.40
12.54
1.13
2.25
0.17
0.46
2.76
0.06
0.12
0.02
0.03
2.60
0.00

25848.9
6
2649.70
20855.6
9
< LOD
41330.6
5
< LOD
591.57
1913.96
769.96
96.60
7.80
5.53
0.50
2.52
0.00
0.41
0.32
0.03
0.08
0.01
0.10
5.91
0.00

Element
Si
Al
K
Mg
Fe
P
Ca
Ti
Mn
Cr
Ni
Si02
Al2O3
K2O
P2O5
SO3
TiO2
ZnO
CaO
Cr2O3
MnO
Fe2O3
NiO2

Dimension
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %

GM011
48140.93
4395.44
12039.32
< LOD
12578.91
920.24
676.46
14893.44
228.97
53.50
7.40
10.30
0.83
1.46
0.21
0.01
2.49
0.15
0.09
0.01
0.03
1.80
0.00

GM013
46369.64
4547.54
15582.70
< LOD
37074.85
974.12
658.76
15868.06
326.07
120.80
5.90
9.92
0.86
1.89
0.22
0.39
2.65
0.03
0.09
0.02
0.04
5.30
0.00

GM015
53345.37
5378.80
13654.21
< LOD
4834.32
853.42
1875.01
15995.86
67.68
145.10
4.60
11.42
1.02
1.65
0.20
1.52
2.67
0.84
0.26
0.02
0.01
0.69
0.00

GM016
50843.91
3612.96
9453.62
< LOD
4017.86
896.57
1031.99
14634.98
65.78
204.20
5.30
10.88
0.68
1.14
0.21
0.73
2.44
0.15
0.14
0.03
0.01
0.57
0.00

GM017
56363.98
4330.44
7632.13
< LOD
6271.91
1038.67
2386.92
15158.72
87.92
204.00
6.60
12.06
0.82
0.92
0.24
0.77
2.53
0.14
0.33
0.03
0.01
0.90
0.00

GM020
46619.86
3757.26
10930.92
< LOD
24536.01
979.57
2865.58
16472.81
159.66
175.10
7.00
9.98
0.71
1.32
0.22
0.88
2.75
0.02
0.40
0.03
0.02
3.51
0.00

Element
Si
Al
K
Mg
Fe
P
Ca
Ti
Mn
Cr
Ni
Si02
Al2O3
K2O
P2O5
SO3
TiO2
ZnO
CaO
Cr2O3
MnO
Fe2O3
NiO2

Dimension
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
ppm
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %
wt %

GM022
45384.52
3340.83
10454.77
< LOD
4845.68
824.25
1052.40
13792.70
59.43
207.90
5.50
9.71
0.63
1.27
0.19
0.62
2.30
0.01
0.15
0.03
0.01
0.69
0.00

GM024
25753.12
1195.77
7648.00
< LOD
41884.29
< LOD
963.67
844.70
183.91
158.30
6.10
5.51
0.23
0.93
0.00
0.20
0.14
0.01
0.13
0.02
0.02
5.99
0.00

GM026
30781.01
4316.69
7270.09
< LOD
8946.27
< LOD
192492.41
12163.91
836.28
82.50
0.80
6.59
0.82
0.88
0.00
0.90
2.03
0.05
26.95
0.01
0.11
1.28
0.00

